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Introduction and thesis outline 
 
Over the past decades, it has become increasingly obvious that our global climate is 
changing. Regardless of the many and significant areas of quantitative uncertainty 
pertaining to the specific nature of this change, which have even shown to increase 
with time (IPCC, 2013), there is a broad scientific consensus that this change will 
be closely linked to (i) a rise in atmospheric CO2 concentration ([CO2]); (ii) an 
increase in average annual surface temperature; and (iii) a shift in global weather 
patterns and precipitation. 
 
Atmospheric [CO2] has not been this high in 26 million years and is projected to 
surpass 700 mol mol-1 by the end of the century (Houghton et al., 2001; Pearson 
& Palmer, 2000). Projected global average surface warming will amount to 2.8°C 
by the end of the 21
st
 century (Keeling and Whorf, 2005; IPCC, 2007a), and the 
chance of more intense heat wave occurrence could drastically increase due to a 
rise in the concentration of several atmospheric greenhouse gases (Karl & Nicholls, 
1997; Meehl & Tebaldi, 2004; Schär et al., 2004). Lastly, increased variance of 
precipitation is expected everywhere, with wet areas becoming wetter and dry and 
arid areas becoming drier (Dore, 2005). The term "heat wave" denotes a time 
period during which air temperature is not only significantly higher than its average 
over the past 30 years, but furthermore high enough and long enough to induce a 
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distinct response from the studied object. This definition is loosely based on 
Reichstein et al. (2013), who attempted to give a more general definition of climate 
extremes. 
 
In particular, heat waves have been receiving more attention in the past decade, not 
coincidentally the decade which saw the highest amount of climate extremes so far 
recorded (Coumou & Rahmstorf, 2012). This recent interest in heat waves is by no 
means extraneous; many people today interpret the predicted rise in average 
temperature as an equal constant rise in temperature. Only when they realise that 
there are many ways to increase an average value, do they grasp the potential 
implications of such a rise. 
 
In terms of the effects of heat waves, and climate extremes in general, on plant 
performance, it becomes even more apparent why this recent and growing interest 
is of importance. Many studies have shown that plants are very well able to cope 
with constant increases in growth temperature (Sage & Kubien, 2007), and trees in 
particular even show an increase in net productivity (Way & Oren, 2010), when no 
other factors are limiting. However, heat waves should not be confounded with 
constant increases in temperature, as such extremes tend to trigger threshold 
responses asimilar to those found in constant temperature studies (Bragazza, 2008). 
It is easily compared to emptying a 10 L bucket, filled with water, in a 4 L kitchen 
sink: if the water is poured into the sink at a slow rate, it is easily eliminated by the 
drains. If, however, the bucket is emptied in a matter of seconds, the drains cannot 
adequately handle the sheer amount of water, and the sink will overflow. 
 
As this increase in frequency and intensity of heat waves will be concurrent with an 
increase in atmospheric [CO2] and changes in soil water availability, it is valuable 
to consider plausible interactive impacts of these factors on the effect of heat 
waves. Most research has indicated that elevated atmospheric [CO2] increases 
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thermotolerance of plants (see review by Sage & Kubien, 2007), but there are also 
reports of negative interactions due to reduced potential for evaporative cooling 
(e.g. Prasad et al., 2006). One would intuitively expect reduced soil water 
availability to have a linearly exacerbating impact on the effect of heat waves, but 
several reports (e.g. Schymanski et al., 2013) have suggested that moderate 
amounts of drought might actually enhance a tree's tolerance to the occurrence of 
heat waves through shared acclimation mechanisms. If we return to our 10 L 
bucket of water, we could say that elevated [CO2] would increase the efficiency of 
our draining system, while soil water availability would influence the volume of 
our kitchen sink. 
 
This thesis will start by providing an overview of available literature on the effects 
of heat waves on trees in Chapter 1. As the amount of such literature is limited, it 
is often supplemented by inferences made from studies on other species, or by 
extrapolations from experiments involving temperature and heat treatments, as 
such, on trees. Since there exists very little specific literature on the influence of 
elevated [CO2] and drought on heat wave effects, these factors were not included in 
the review. Chapter 2 is entirely dedicated to the methodological aspects of all 
experiments described in this thesis, since these experiments share sizeable 
portions of their respective methodologies. 
 
In order to investigate the effects of heat waves on tree growth and physiology, and 
how the putatively important factors [CO2] and drought influence these effects, we 
set up an experiment which allowed us to collect five months of growth data, 2 
months of gas exchange and chlorophyll a fluorescence (Chl-a fluo) data at various 
times of day, and final harvest data of total and component biomass. This 
experiment consisted of applying a full factorial of three factors: atmospheric 
[CO2], soil water availability, and of course temperature. These factor 
combinations were applied to a broadleaf and a coniferous species: Quercus rubra 
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L., and Pinus taeda L., respectively. In each of the following chapters, we focused 
on specific aspects of this fertile dataset. 
 
In Chapter 3, we investigated gas exchange and total biomass of the broadleaf 
species. We were able to compare data during a heat wave to control data before 
that heat wave, and see whether the trees recovered from this impact after the heat 
wave had subsided. In Chapter 4, we similarly investigated Chl-a fluo data, but we 
augmented our measurements with calculated Rubisco properties and 
photosynthetic electron flows. Because we wanted to know whether the coniferous 
species would react the same as the broadleaf species, we closely compared the 
heat wave response of both species in Chapter 5. 
 
Because our measurements of gas exchange and Chl-a fluo were not continuous, 
we wanted to look at data which integrated these parameters across the growing 
season. Therefore, in Chapter 6, we examined monthly stem height and diameter 
values, as well as total and component biomass at the end of the growing season. 
We found that these data were highly congruent with our findings in the previous 
experiments. An unexpected outcome of these measurements was that most 
individuals maintained growth throughout the season, even when subjected to 
drought combined with severe heat waves in which air temperatures exceeded 
50°C at several instances. We therefore wanted to know whether individuals that 
already had experienced previous heat waves had developed certain mechanisms 
which allowed them to functionally acclimate to these strenuous circumstances. 
Chapter 7 elaborates on our findings, which showed that the individuals who had 
already experienced previous heat waves displayed greater stomatal dynamics than 
those individuals who had not. The corollary is that the "acclimated" individuals 
were more actively regulating their water usage, which could be indicative of a 
strategy which prioritises survival over carbon acquisition. 
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Finally, Chapter 8 contains the main conclusions that may be inferred from the 
data presented in this thesis, but also the main areas of uncertainty surrounding 
these conclusions. Additionally, it aims to identify putatively fruitful areas of 
future research through identification of knowledge gaps and research 
opportunities. 
 
In summary, this thesis deals with four main questions: 
 
- What is the effect of heat waves on tree seedling physiology and growth? 
Particularly, is this effect different from that of an equivalent constant 
increase in temperature? 
- Is this effect consistent across species? 
- In the framework of future climate change, will this effect be influenced by 
different levels of atmospheric [CO2] and soil water availability? 
- Will tree seedlings be able to acclimate to heat waves which are, by 
definition, meteorological extremes? 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1 
Literature review 
 
 
 
After: Teskey R., Wertin T., Bauweraerts I., Ameye M., McGuire M-A. 
Steppe K. (2014) Responses of tree species to heat waves and extreme heat 
events. Plant, Cell & Environment. doi: 10.1111/pce.12417. 
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Abstract 
The number and intensity of heat waves has increased, and this trend is likely to 
continue throughout the 21
st
 century. Often, heat waves are accompanied by 
drought conditions. It is projected that the global land area experiencing heat waves 
will double by 2020, and quadruple by 2040. Extreme heat events can impact a 
wide variety of tree functions. At the leaf level, photosynthesis is reduced, photo-
oxidative stress increases, leaves abscise and the growth rate of remaining leaves 
decreases. In some species, stomatal conductance increases at high temperatures, 
which may be a mechanism for leaf cooling. At the whole plant level, heat stress 
can decrease growth and shift biomass allocation. When drought stress 
accompanies heat waves, the negative effects of heat stress are exacerbated and can 
lead to tree mortality. However, some species exhibit remarkable tolerance to 
thermal stress. Responses include changes that minimise stress on photosynthesis 
and reductions in dark respiration. Although there have been few studies to date, 
there is evidence of within-species genetic variation in thermal tolerance, which 
could be important to exploit in production forestry systems. Understanding the 
mechanisms of differing tree responses to extreme temperature events may be 
critically important for understanding how tree species will be affected by climate 
change. 
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1.1 Introduction 
Summertime extreme temperatures associated with prolonged heat waves, lasting 
for several weeks, now impact approximately 10% of land surfaces, up from only 
1% of land surfaces in the 1960s (Hansen et al., 2012). An increase in the 
frequency and intensity of heat waves is expected to continue through the 21
st
 
century (Yao et al., 2013). Although there are several ways in which heat waves 
are delineated, broadly defined, they are periods of consecutive days where 
conditions are excessively hotter than normal (Perkins & Alexander, 2013). Over 
the past several decades, worldwide, the number of record-breaking monthly 
temperature extremes has been five times larger than it was from the late 19
th
 
through the mid-20
th
 century (Coumou & Robinson, 2013; Coumou et al., 2013). 
The five most extreme heat waves in Europe since 1871 have all occurred since 
2000 (Barriopedro et al., 2011). The length of heat waves is also increasing. Della-
Marta et al. (2007) reported that the length of summer heat waves in Western 
Europe has doubled and the frequency of hot days has tripled since 1880, 
indicating that climate is becoming more extreme. In fact, heat waves have 
contributed to a 0.5°C increase in mean global temperature (Coumou & Robinson, 
2013; Coumou et al., 2013). This pattern is consistent with predictions that global 
warming will in part be driven by more frequent and intense high-temperature 
events (Coumou & Robinson, 2013; Dulière et al., 2013). 
 Heat waves in combination with drought are common and intrinsically 
linked (Stéfanon et al., 2014). Together they produce positive feedbacks that 
intensify their effects. A decline in precipitation is usually associated with a decline 
in cloud cover and increased soil sensible heat flux and a reduction in air relative 
humidity, which can cause further increases in extreme temperatures. Higher 
temperature increases atmospheric vapour pressure deficit, which increases 
evapotranspiration resulting in more rapid soil drying and increased drought 
severity. Over the previous century, across the United States, the highest frequency 
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of heat waves occurred in the drought years of the 1930s (Peterson et al., 2013). 
More recently, also associated with a major long-term drought at a regional level, 
the Western United States has had the highest frequency of heat waves in North 
America in the 2000s. Similarly, heat waves in Western and Central Europe are 
generally preceded by a lack of precipitation in Southern Europe (Vautard et al., 
2007; Stéfanon et al., 2014). 
 Heat wave frequency is also increasing under wetter conditions. When 
temperature and precipitation were compared for the periods 1951–1977 and 1978–
2004, it appeared that both hot/wet and hot/dry conditions were increasing 
substantially worldwide (Hao et al., 2013). Some parts of California in the Western 
United States have experienced an increase in midsummer humid heat waves, 
which have caused a disproportionate increase in night-time temperatures and less 
radiative cooling during the night (Guirguis et al., 2014). Since 1950, extremely 
hot days coupled with heavy precipitation events have become more common 
(Easterling et al., 2000; IPCC, 2012). 
 Heat waves are already posing significant threats to plant survival and 
growth. The European heat wave in the summer of 2003 resulted in a 30% 
reduction in ecosystem gross primary production (Ciais et al., 2005). The 2010 
Russian heat wave was the most extreme on record for that area and resulted in an 
estimated 50% reduction in gross primary production (Bastos et al., 2013). Drought 
and excessive heat across the Western United States in the last decade have caused 
widespread tree mortality (Allen et al., 2010). As these extreme events increase in 
frequency, it is imperative for us to understand how they will affect tree 
physiological processes and growth. 
 To date, the majority of research on the impact of heat waves has been 
restricted to either post-event analysis of the effects of heat waves on plant 
productivity or experiments on the short-term effects of high-temperature stress on 
plant physiology. This limitation in the scope of prior research is due in part to the 
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random and unpredictable nature of heat waves, making observational studies 
difficult to plan and implement, and the difficulty in conducting experiments on 
extreme heat effects in the field. We are aware of only a few manipulative studies 
that investigated the effects of episodic heat waves on plant growth, and only three 
studies conducted on trees. One study on Pinus taeda and Quercus rubra seedlings 
exposed to repeated moderate (+6°C) or extreme (+12°C) heat waves in a 
greenhouse reported significant growth reductions caused by the +12°C, but not the 
+6°C heat wave (Chapter 6). A second study on Quercus alba and Quercus 
velutina seedlings found that heat waves, applied by air heating and/or soil heating, 
reduced photosynthesis and growth (Heckathorn, personal communication). 
Another study exposed naturally occurring arctic willow (Salix arctica), a small 
creeping shrub, to two consecutive 10 d heat waves of 8°C (+6°C above ambient 
temperature) and reported that, compared with a control treatment, the heat wave 
treatment initially increased growth, but subsequent growth was negatively 
impacted, possibly because of reduced capacity to tolerate cold weather (Marchand 
et al., 2005, 2006). Additionally, there have been a few studies in grasses (e.g. 
Wang et al., 2008), forbs (e.g. De Boeck et al., 2011) and crop systems (e.g. De 
Simon et al., 2013); however, because of differences in longevity among growth 
forms, it is difficult to extrapolate these findings to trees. 
 The effects of extreme high temperatures are seen in processes from the 
molecular level to the whole tree, and vary among species and within genotypes 
(Fig. 1.1). Drought and high light typically increase the damage caused by high 
temperatures. Of all the physiological processes in trees, the effect of heat on 
photosynthesis has received the most attention, and is evident in the list of cellular 
processes that have been reported to be affected by high temperatures on the right 
side of Fig. 1.1. Although less studied by comparison with photosynthesis, many 
other physiological processes in trees are affected by excessive heat, including 
respiration, transpiration, photorespiration and volatile organic compound (VOC)  
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production (centre, Fig. 1.1). At the scale of the whole tree, excessive heat can also 
cause a decrease in growth, leaf development and leaf area and when combined 
with drought, it can cause mortality (left side of Fig. 1.1). For some processes, 
there is wide variation in the response of species or genotypes to extreme heat. 
Acclimation to heat is evident in many processes at each scale. Genetic variation in 
the response of processes to heat has received limited study in trees, but variation 
exists within species and could be exploited to improve heat stress tolerance in 
economically important species. All of these responses of trees to excessive heat, 
as well as the potential for genetic improvement in tolerance of heat stress, will be 
discussed in this review. 
 
1.2 Response of photosynthesis, photorespiration and 
respiration to high temperatures 
In trees, the response of photosynthesis to high temperatures has received more 
study than responses of other physiological processes. This emphasis reflects the 
importance of photosynthesis as well as its sensitivity to heat (Berry & Bjorkman, 
1980; Salvucci & Crafts-Brandner, 2004). The photosynthetic temperature 
optimum is often between 20 and 30°C across boreal, temperate and tropical 
angiosperm and gymnosperm species (Teskey et al., 1995; Cunningham & Read, 
2003;Way& Sage, 2008; Vargas & Cordero, 2013). The temperature response 
curve of photosynthesis is often very broad and, in ambient CO2 concentrations, 
high photosynthetic rates are often maintained at temperatures up to 35°C (Sage et 
al., 2008). Positive net photosynthesis still occurs at temperatures above 40°C, 
even in boreal species, for example Picea mariana (Way & Sage, 2008), but 
species at warmer sites generally maintain positive net photosynthesis at even 
higher temperatures, for example +45°C in the tropical species Dipteryx oleifera 
and Zygia longifolia (Vargas & Cordero, 2013). 
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 At high temperatures, the decline in net photosynthesis is attributed to 
numerous processes including increased photorespiration, increased mitochondrial 
respiration, inactivation of Rubisco attributed to reduced activity of Rubisco 
activase, decreased activity of photosystem II (PSII), and damage to the thylakoid 
membrane, which results in a reduction in ATP synthesis and increased thylakoid 
membrane permeability to H+ ions (Crafts-Brandner & Salvucci, 2004; Haldimann 
& Feller, 2004; Hozain et al., 2010). 
 The increase in photorespiration with short-term increases in temperature 
has been attributed to changes in Rubisco specificity and differences in CO2 and O2 
solubility (von Caemmerer & Quick, 2000). Unfortunately, the enzymatic response 
of Rubisco to temperature has only been well characterised in a few species, 
including tobacco (Nicotiana tabacum) (Bernacchi et al., 2002), spinach (Spinacia 
oleracea) (Jordan & Ogren, 1984) and Arabidopsis (Walker et al., 2013). The 
specificity was very similar among the species, suggesting that Rubisco specificity 
of trees may respond quite similarly to an increase in temperature. However, recent 
research also suggests that Rubisco specificity may change with thermal history 
(Cavanagh & Kubien, 2014). 
 In addition to an increase in photorespiration, mitochondrial respiration, 
that is dark respiration, referred to here as respiration (R), has a much higher 
temperature optimum than photosynthesis (Fig. 1.2). A moderate increase in 
temperature can significantly reduce light-saturated net photosynthesis by 
increasing R (Crous et al., 2012). Respiration increases rapidly with temperature, 
often by 50 to 200% per 10°C (equivalent to Q10 values of 1.5–3.0), which 
substantially reduces daily net carbon gain at high temperatures. The rate of 
increase is highly variable, depending on species, previous temperature exposure, 
time of year and many other factors. Maximum R often occurs at temperatures 
greater than 50°C, for example 52 to 57°C in Eucalyptus pauciflora at different 
times of the year (O’Sullivan et al., 2012), ∼55°C in Populus tremula (Hüve et al., 
Chapter 1 
 
16 
 
2012) and >45°C in Picea mariana (Sage et al., 2008). At temperatures above the 
maximum, R decreases rapidly and severe cellular damage occurs at temperatures 
just above 60°C (Kolb & Robberecht, 1996). 
 
 
Figure 1.2  (a) Response of leaf respiration to temperature in Eucalyptus pauciflora  
trees growing at a field si te in Australia measured in winter (filled circles)  and 
summer (open circles). (b) Q 10  modelled from measurements between 10 and 45 °C 
(redrawn from O’Sullivan et al . ,  2012). 
 
 High temperatures also cause a rapid consumption of carbohydrates for 
maintenance R. Hüve et al. (2012) found that R at 55°C was eight times greater 
than at 20°C in Populus tremula, and that after 30 min in the dark, the starch 
content of leaves decreased by 16% at 25°C and 53% at 50°C, compared with 
pretreatment starch content. They noted an especially rapid rise in R near the 
temperature optimum, which corresponded with the critical temperature for PSII 
stability (Tc). A similar relationship between Tc and maximum R was observed in 
E. pauciflora (O’Sullivan et al., 2012). 
 Moderately high temperatures can lead to Rubisco activase limitation (e.g. 
in Picea mariana, Sage et al., 2008), which is thought to be the primary constraint 
on Anet at those temperatures (Law & Crafts-Brandner, 1999). In a review of C3 
plants, Galmes et al. (2013) showed that exposure to severe heat stress resulted in a 
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reduction in initial Rubisco activity. The percentage of Rubisco in the active state 
decreased by about 30% in seedlings of both a boreal tree species, Populus 
balsamifera, and a temperate tree species, Populus deltoides, at 40°C compared 
with 27°C (Hozain et al., 2010). At higher temperatures, damage to the thylakoid 
membrane starts to occur. Heating up to 45°C may reduce photosynthetic potential 
by affecting thylakoid membrane function. Work done in barley (Hordeum 
vulgare) demonstrated that heating can increase membrane fluidity and thylakoid 
proton conductance which can result in greater cyclic electron flow around 
photosystem I (PSI) (Bukhov et al., 1998, 2000). Additionally, moderate heating 
can stimulate dephosphorylation of numerous PSII core proteins, as observed in 
spinach (Spinacia oleracea) and Arabidopsis (Rokka et al., 2000; Vener et al., 
2001). 
 Historically, PSII damage was considered a primary limitation to net 
photosynthesis with an increase in temperature (Santarius, 1976; Santarius & 
Muller, 1979; Berry & Bjorkman, 1980; Enami et al., 1994); however, damage to 
PSII typically only occurs above 45°C (Terzaghi et al., 1989; Thompson et al., 
1989; Gombos et al., 1994; Cajanek et al., 1997). While physical damage by 
extreme temperature has been demonstrated, foliar damage by heat at lower 
temperatures is often associated with high light (Berry & Bjorkman, 1980). For 
example, foliar damage to Olea europaea exposed to 38°C was greater in high light 
than low light (Bongi & Long, 1987). 
 In tree species, damage to PSII at temperatures below 40°C is generally 
reversible. At temperatures above 40°C (species- and exposure duration-specific), 
damage to PSII may be irreversible (Yordanov, 1992). However, the critical 
temperature for PSII stability (Tc) is very sensitive to prior temperature exposure. 
An example of PSII sensitivity can be seen in the study of Ghouil et al. (2003) on 
Quercus suber seedlings from the Mediterranean region. In that study, plants were 
acclimated to six air temperatures from 10 to 40°C in a growth chamber for 2 d, 
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and photosynthetic characteristics were measured on the third day. The Tc ranged 
from 42 to 51°C, with the lower Tc corresponding to an acclimation temperature of 
10°C, and the higher Tc to a temperature of 40°C. The Tc of Quercus macrocarpa 
ranged from 43°C to 48°C and the Tc of Quercus muehlenbergii ranged from 46°C 
to 50°C measured in June and August, respectively, which corresponded with an 
increase in the maximum air temperature from 40°C in June to 43°C in August and 
an increase in the frequency of days when the maximum air temperature exceeded 
>40°C from 1 in June to 15 in August (Hamerlynck & Knapp, 1994). Critical 
temperatures of 48°C and 52°C were measured in Quercus suber and in Quercus 
canariensis, after acclimation for 5 days at 15 and 35°C, respectively (Daas et al., 
2008). Plotting the pretreatment temperatures and Tc for these and other species 
revealed that Tc was high for all species and increased with acclimation 
temperature, suggesting that the capacity of PSII to resist thermal stress was not 
very different among species from boreal and temperate regions (Fig. 1.3). Factors 
in addition to temperature, such as dormancy or phenology, must also influence Tc, 
because Tc of field-grown Eucalyptus pauciflora was 46°C in summer and 60°C in 
winter (O’Sullivan et al., 2012). This result indicates the need for additional 
research on the underlying causes of seasonal variation in Tc as it is not clear why 
Tc was substantially higher in winter than in summer in that study. 
 
1.3 Foliar damage from exposure to high temperatures 
The temperature at which there is visible foliar damage from heat depends on 
species, duration of exposure and time of year. The damage threshold was as low 
as 44°C in Picea mariana, a boreal species, when seedlings were exposed for 180 
min (Colombo & Timmer, 1992). This exposure produced visual symptoms of 
needle blanching on 40% of the plants, when assessed three weeks after the heat 
treatments. At a temperature just 2°C higher (46°C), 100% of the seedlings 
suffered damage when exposed for only 60 min. At 50°C, 100% of the seedlings 
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Figure 1.3  Critical temperature for PSII stability (T c) for different tree species, 
compared with the pretreatment acclimation temperature. All T c  values were ≥42°C. 
When species were subjected to different pretreatment temperatures in the same 
study, the values are connected by arrows. In each instance, a higher p retreatment 
temperature produced a higher T c .  Species were Quercus muehlenbergii  (filled 
circle, Hamerlynck & Knapp, 1994), Quercus macrocarpa  (unfilled circle,  
Hamerlynck & Knapp, 1994), Quercus suber  (filled square; Ghouil et al . ,  2003), 
Quercus canariensis  (unfi l led square; Daas et al . ,  2008), Picea glauca  (fil led 
triangle, Bigras, 2000), Populus deltoides  (unfilled tr iangle, Hozain et al . ,  2010), 
Ficus insipida  (unfilled diamond, Krause et al . ,  2013) and Acer pseudoplantanus ,  
Betula verrucosa ,  Fagus sylvatica ,  Fraxinus excelsior ,  Juglans rigia ,  Quercus robur  
and Quercus petraea  (all grown together and represented by a single data point, 
filled diamond, Dreyer et al . ,  2001). 
 
were damaged after an exposure of 10 min. There was a negative exponential 
relationship between the temperature and duration of heat exposure that resulted in 
foliar damage (Fig. 1.4). The length of exposure that would damage 50% of the 
foliage was almost an hour less at 44°C compared with 46°C. At higher 
temperatures the length of exposure required to induce damage decreased rapidly. 
In another boreal species, Picea glauca, a 30 min exposure to 48°C produced 50% 
foliar damage (Bigras, 2000). When compared with 100% foliar damage in P. 
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mariana for the same exposure, it appears that P. glauca had different heat 
thresholds for direct damage. 
 
 
Figure 1.4  Relationship between temperature and duration of exposure resulting in 
damage to 50% of fol iage in Picea mariana  seedlings when assessed 3 weeks after 
treatment [y = (5.095 × 10 9) × 10 ( −0 . 4011×) ,  R2  = 0.99] (redrawn from Colombo & 
Timmer, 1992).  
 
 In four temperate and four tropical evergreen tree species in Australia, the 
temperature causing 50% visible leaf damage (LT50) after an exposure for 30 min 
ranged from 47  to 54°C, and was linearly correlated with the average maximum 
temperature of the hottest month at the origin location of the seeds or seedlings, 
which ranged from 19 to 31°C (Cunningham & Read, 2006). The LT50 values 
were substantially higher than the average maximum recorded temperature, but the 
30 min exposure was relatively short, suggesting that LT50 might be lower if the 
exposure duration was longer. For Pinus taeda and Q. rubra from a warm 
temperate region where average maximum temperature is about 33°C and the 
absolute maximum temperature has not exceeded 43°C, seedlings of both species 
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were able to tolerate daytime temperatures during the summer exceeding 50°C, 
produced by supplemental heating, without any sign of visible damage (Chapter 5). 
Unfortunately, a clear pattern has not emerged about the relationship between 
species origin and the ability to tolerate high temperatures without damage. A 
greater tolerance of high-temperature stress in species from warmer areas was 
supported by a study on temperate and tropical evergreen rain forest trees in 
Australia (Cunningham & Read, 2006), but not by the study of Daas et al. (2008) 
who reported that thermal tolerance of PSII was not greater in Quercus species 
from the warmer Mediterranean region compared with those from the cooler 
European region. 
 The timing of the exposure is also critical. Excessive temperatures and heat 
waves are often considered summer phenomena, but during bud burst and leaf-out 
in the spring, considerably lower temperatures can cause substantial damage. 
Forests dominated by Acer saccharum trees growing in central Ontario Canada 
were exposed to 31.5°C during leaf-out in May, an excessive temperature for a 
month in which the highest historical temperature was < 24°C (Filewod & Thomas, 
2014). This high-temperature exposure caused mortality of emerging leaves 
ranging from 40% in the upper canopy to 21% in the lower canopy, resulting in an 
overall reduction of 65% in end-of-season cumulative leaf area index. Surviving 
preformed leaves and neo-formed leaves had a 36% reduction in photosynthetic 
capacity in early July compared with previous years. Photosynthetic capacity 
recovered by late July and early August, but the overall effect was a significant 
depression of seasonal carbon gain. Saplings had similar levels of leaf mortality 
and leaf scorch on surviving leaves, but produced very few new leaves (neo-
formed leaves) after the heat event, indicating that there are ontogenetic differences 
in the capacity to recover from heat stress, perhaps related to stored carbohydrate 
availability. Precipitation was near normal throughout the growing season, and was 
not considered to have contributed to the damage. It is generally considered that an 
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increase of 10–15°C above ambient will produce heat shock or heat stress (Wahid 
et al., 2007), but in A. saccharum trees during budburst, an elevation of only 8°C 
produced significant and long-lasting detrimental effects, indicating that timing of 
heat events is critical to their severity. Notably, there was little effect of the high 
temperatures on co-occurring species including A. rubrum, Betula cordifolia, 
Fagus grandifolia and Prunus serotina. 
 
1.4 Growth 
During the growing season, the impact of heat waves on growth can be 
significantly greater than the same amount of heat accumulated evenly over the 
same period (Chapter 6). In that study, seedlings of Pinus taeda and Quercus rubra 
were exposed to one of three heat treatments from June to October: (1) a constant 
3°C elevation of the ambient temperature; (2) an alternating pattern of ambient 
temperature for 7 d, followed by a 7 d heat wave of ambient +6°C; or (3) an 
alternating pattern of 21 d at ambient temperature followed by a 7 d heat wave of 
ambient +12°C. The ambient +3°C and the two heat wave treatments had the same 
monthly and growing season heat sum and mean air temperature. Repeated 
exposure to a 6°C elevation of air temperature had no effect on leaf, stem, root or 
total biomass at the end of the study in either species. However, compared with the 
treatment of constant +3°C temperature elevation, the monthly +12°C heat waves 
significantly reduced total growth as well as leaf, stem and root biomass in Pinus 
taeda, and total and root biomass in Quercus rubra. This study demonstrates that 
heat waves can have negative effects on growth that are more severe than the same 
amount of heat applied as a change in the average temperature. For perennial 
plants, the stress caused by an anomalously warm growing season can be long 
lasting, and cause a reduction in growth in subsequent years (Arnone et al., 2008). 
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Figure 1.5  Cumulative percent 
budbreak in detached terminal  
shoots of Populus nigra  
Charkowiensis  × Populus nigra  
incrassata  exposed for 2  h to 
temperatures ranging from 30 to 
45°C in October (a),  December (b) 
or February (c) during the 
dormant season. Shoots exposed 
to constant 20°C served as 
controls (redrawn from 
Wisniewski et al. ,  1997).  
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 Heat stress can also affect the timing of budburst and dormancy, and 
therefore the length of the growing season. When dormant excised terminal shoots 
collected from October through March from hybrid Populus trees received a 2 h 
exposure to temperatures ranging from 20°C to 45°C there was a significantly 
greater amount of budbreak induced by the short exposure to high temperatures, 
particularly in response to the 45°C treatment (Wisniewski et al., 1997) (Fig. 1.5). 
Exposing dormant shoots of Prunus persica var. Nectariana to a high temperature 
(50°C for 1 h) transiently inhibited respiration, but hours later activated the pentose 
phosphate pathway, which may be the cause of early budburst induced by high 
temperatures (Tan et al., 2013). However, sustained exposure over a period of 
weeks to an unseasonably high temperature (21°C) during dormancy was reported 
to significantly delay budburst in Betula pendula, Betula pubescens and Alnus 
glutinosa suggesting that, similar to direct damage from heat, the length of 
exposure to a temperature may substantially alter the response (Heide, 2003). 
Findings in that study also emphasised the importance of the timing of the 
exposure to heat: for field-grown trees of the two Betula species, a mean 
September temperature of 14°C, compared with the historical mean of 9°C, 
delayed budburst in the following spring by approximately 20 days. 
 
1.5 Tolerance and avoidance of thermal stress 
1.5.1 Heat shock proteins increase thermal stress tolerance 
Tolerance of heat stress can be conferred by prior exposure to moderately high 
temperatures. For instance, pretreatment of Picea mariana seedlings at 38°C for 3 
h per day for 6 days decreased and delayed direct damage to foliage subsequently 
exposed to 49°C (Colombo & Timmer, 1992) (Fig. 1.6). A 30 min exposure to 
49°C caused damage to 100% of the seedlings that did not receive the pretreatment, 
but damaged only 25% of pretreated seedlings. This increase in thermal tolerance 
was likely related to the synthesis of heat shock proteins (HSPs), which increased 
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in the shoots receiving the heat pretreatment (Colombo & Timmer, 1992; Colombo 
et al., 1992). A similar synthesis of several low molecular weight proteins was 
observed in young seedlings of Pinus banksiana, Pinus taeda, Picea mariana and 
P. glauca growing at 28°C and exposed to 42°C for 3 h (Gifford & Taleisnik, 
1994). These proteins were absent from the control plants that remained at 28°C. 
There has been relatively little work on the molecular mechanisms of acquired 
thermal tolerance in tree species, but recently great progress has been made in 
 
 
 
Figure 1.6  Percentage of seedlings exhibiting foliar damage after exposure to 49 °C 
for various time periods ranging from 3 to 150 min. Seedlings were evaluated 
immediately after heat exposure (short -term response,  a) and after 3 weeks (long-
term response, b). The greenhouse-grown Picea mariana  seedlings were either 
preconditioned at 38°C for 3 h per day for 6 consecutive days (heat shock treatment, 
filled circles) or not preconditioned (non -heat shock treatment, unfilled circles) 
(redrawn from Colombo & Timmer, 1992).  
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agronomic species and Arabidopsis that indicates an important role for HSPs as 
well as abscisic acid, ethylene, hydrogen peroxide and salicylic acid in increasing 
tolerance to heat stress after either a short exposure to sub-lethal high temperatures 
or a gradual temperature increase to lethally high temperatures (Larkindale & 
Knight, 2002; de Klerk & Pumisutapon, 2008; Song et al., 2012). 
 A short exposure to increased temperature also induces thermal tolerance 
of photosynthesis. Maximal PSII photochemical efficiency (Fv/Fm) decreased with 
increasing temperature from 42 to 50°C in Picea glauca foliage, but plants 
preconditioned at 38°C for 5 h had significantly higher Fv/Fm at temperatures up to 
46°C (Bigras, 2000). Exposure to high temperatures increases thylakoid membrane 
fluidity, which may induce HSP expression. HSPs can desaturate membrane lipids, 
which results in a more thermally stable thylakoid membrane (Horvath et al., 
2012). Above 46°C, the preconditioning was ineffective, suggesting that higher 
temperatures were above the limit for thermal stability of PSII in this species 
(Bigras, 2000). There are many reports of inhibition of Rubisco activase at 
temperatures above the thermal optimum of photosynthesis (Sage et al., 2008), 
including some for tree species (Haldimann & Feller, 2004; Jin et al., 2010), but 
few studies have examined the effect of a rapid increase in temperature to >40°C 
on activation states, and the results have been contradictory (Crafts-Brandner & 
Law, 2000; Schrader et al., 2004). We are not aware of any study that examined 
the effect of thermal preconditioning on activation states or thylakoid membrane 
permeability above 40°C. 
 
1.5.2 Stomatal mechanisms reduce thermal stress 
 Under most environmental conditions, a close correlation between 
photosynthesis and stomatal conductance is expected. Stomates close to reduce 
water loss, resulting in reduced photosynthesis. Alternatively, if biochemical 
limitations reduce photosynthesis, intercellular [CO2] increases, resulting in partial 
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stomatal closure. However, in some plants, stomata remain open at high 
temperature even when photosynthesis is significantly reduced and vapour pressure 
deficit (VPD) is very high (Schulze et al., 1973; Lu et al., 2000). This response has 
been documented in only a few species and is not well understood, although it 
appears to be a strategy that uses transpirational cooling of the leaf to avoid or 
minimise heat stress. For example, during an imposed heat wave of 7 d, in which 
daily maximum air temperatures ranged from 47 to 53°C, Pinus taeda and Quercus 
rubra seedlings had lower net photosynthesis on each day of the heat wave, but 
exhibited almost no change in stomatal conductance (gs) (Ameye et al., 2012). In 
P. taeda seedlings, mean gs was 0.12 mol H2O m
−2
 s
−1
 at 37°C and 0.09 mol H2O 
m
−2
 s
−1
 at 50°C. In Quercus rubra seedlings, mean gs at 37°C and 50°C was 0.12 
and 0.11 mol H2O m
−2
 s
−1
, respectively. In both species, the slope of the linear 
regression of gs measured across that temperature range was not significantly 
different from zero. However, net photosynthesis declined by over 75% in both 
species over the same temperature range, and the regression slope was highly 
significant. VPDs during these measurements ranged from 4 to 8 kPa. Similarly, gs 
of Acer rubrum changed very little, but net photosynthesis decreased to near zero, 
across a temperature range of 35 to 48°C (Weston & Bauerle, 2007). At lower 
temperatures, gs typically decreases at a much lower range of VPD (Bongarten & 
Teskey, 1986; Sandford & Jarvis, 1986). At high temperatures, the lack of stomatal 
response to high VPD, or to decreasing net photosynthesis, indicates that trees were 
using transpiration as a mechanism to reduce the heat load on the leaves. 
 It is not known how many tree species have the capacity to utilise 
transpirational cooling to avoid extreme heat stress as it has been the subject of 
only a few studies. It may be more prevalent in trees that are adapted to growing in 
open, high light conditions. For example, in a study comparing two rainforest tree 
species, Dipteryx oleifera, a late successional species, had a significant reduction in 
both net photosynthesis and stomatal conductance at 37°C compared with 27°C, 
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yet Zygia longifolia, an early successional species, had significantly reduced net 
photosynthesis, but no change in stomatal conductance at the higher, compared 
with the lower, temperature (Vargas & Cordero, 2013). 
 Some of the most extreme temperatures that a tree can experience occur in 
the early seedling stage where the soil is exposed to full sun. Although mortality of 
young seedlings is often attributed to drought, within the boundary layer near the 
ground, the air can heat up to lethal temperatures on sunny days. In a study of 
young Pinus ponderosa seedlings in the field, the soil surface and the air at 5 mm 
above the ground reached temperatures in excess of 75°C, but at 50 mm above the 
surface the temperature rarely exceeded 45°C (Kolb & Robberecht, 1996). The 
threshold stem temperature for seedling death was determined to be 63°C for less 
than 1 min in that study. Seedlings with high gs at the outset of the heat exposure 
survived, while those that had low stomatal conductance died. High transpiration 
resulting from high stomatal conductance reduced stem temperature by heat 
convection in rapidly moving water by as much as 30°C during peak daylight hours 
(leaf temperature was not measured). The mean maximum transpiration rate of the 
needles was 16.7 mmol H2O m
−2
 s
−1
 at an air temperature of 60°C, compared with 
6.7 mmol H2O m
−2
 s
−1
 at 35°C. Using a model to predict stem temperature from air 
temperature and transpiration rate, Kolb & Robberecht (1996) determined that a 
transpiration rate of 16.7 mmol H2O m
−2
 s
−1
 was adequate to prevent seedling 
mortality at a 1 min exposure to temperatures substantially >63°C. 
 
1.5.3 Elevated [CO2] can mitigate thermal stress 
 Elevated atmospheric [CO2] can also mitigate the effect of heat stress. The 
temperature optimum for photosynthesis increases from about 20°C at 180 mol 
mol
−1
 [CO2] to about 38°C at 700 mol mol
−1
 [CO2] (Sage & Kubien, 2007). 
Recovery in creosote bush (Larrea tridentata), a woody desert shrub, from a 9 d 
heat wave during which air temperatures reached 53°C, was much faster in plants 
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in elevated [CO2] (700 mol mol
−1
) than those in ambient [CO2] (360 mol mol
−1
) 
(Hamerlynck et al., 2000). During the heat wave, net photosynthesis was depressed 
in ambient [CO2] but showed little change in elevated [CO2] compared with before 
or after the event. In Q. rubra seedlings exposed to a 7 d heat wave of +12°C, 
which also reached maximum temperatures > 50°C, there was a significant 
reduction in net photosynthesis during the heat wave in an elevated [CO2] 
treatment, but net photosynthesis remained higher than that of plants in an ambient 
[CO2] treatment throughout the heat wave, as well as before and after (Bauweraerts 
et al., 2013). For Pinus taeda seedlings in that study, there was a decrease in 
biomass in response to the heat waves in both ambient and elevated [CO2] 
treatments, but the relative reduction in growth in elevated [CO2] was much less 
than that in ambient [CO2]. The mitigating effect of elevated [CO2] on carbon gain 
during short periods of heat stress is likely to extend to high-temperature periods 
throughout the growing season, if there is not substantial acclimation of 
photosynthesis to elevated [CO2]. Elevated [CO2] induces stomatal closure in many 
tree species, particularly broad-leaf deciduous species, which could preserve soil 
moisture and thereby increase water availability during warm periods, sustaining 
the beneficial effects of elevated [CO2] on carbon gain (Long et al., 2004; 
Ainsworth & Rogers, 2007). However, elevated [CO2] also has the potential to 
exacerbate heat stress by reducing foliar cooling via transpiration (Urban, 2003). In 
Acer pennsylvanica, heat stress had a significantly larger negative impact on short-
term biomass accumulation (measured 35 d after a 1 d heat event) in elevated 
[CO2] compared with ambient [CO2], because of a reduction in gs (Bassow et al., 
1994). 
 
1.5.4 VOC production increases high temperature tolerance in trees 
 Trees can produce numerous VOCs, many in response to abiotic stresses 
(Joó et al., 2011; Šimpraga et al., 2011; Harrison et al., 2013). One of the most 
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common VOC produced in response to short-term heat stress is isoprene, which is 
extensively synthesised in Quercus and Populus species (Rasmussen, 1970) as well 
as in Eucalyptus (He et al., 2000) and Picea (Kempf et al., 1996). Additionally, 
monoterpenes, consisting of two isoprene molecules combined to form a cyclic 
compound, are synthesised by many other tree species (Harley et al., 2003) 
including Pinus (Kleist et al., 2012) and Amazonian species (Kuhn et al., 2004). 
Typically, isoprene production increases with exposure to high temperature and 
high light. Isoprene emission may help stabilise photosynthetic complexes in the 
thylakoid membrane (Sharkey & Singsaas, 1995). Additionally, isoprene may also 
confer high temperature tolerance through an antioxidative role (Loreto & 
Velikova, 2001). 
 Isoprene-emitting Populus tremuloides trees were able to cope with heat 
stress (36–39°C) much better than Betula papyrifera trees, which do not emit 
isoprene. In fact, the Populus tremuloides clone that produced the most isoprene 
was able to tolerate the highest temperatures (Darbah et al., 2010). Additionally, 
isoprene production in sunlit leaves of Quercus rubra and Q. alba trees increased 
with temperatures of up to 42°C (Sharkey et al., 1996). In Q. alba, gs was lower 
and isoprene production was higher, compared with Q. rubra. The authors 
speculated that the higher gs in Q. rubra resulted in greater evaporative cooling and 
a lower demand for isoprene production. Isoprene is not stored, but instead 
immediately emitted after production (Sharkey & Yeh, 2001). However, 
monoterpenes and other VOCs can be stored in cells, where exposure to high 
temperatures induces lipid damage, causing the release of the VOC (Kleist et al., 
2012). 
 
1.6 Heat and drought 
Although the direct effects of high temperature on trees can be severe, extreme 
high-temperature events under conditions of high soil moisture are relatively rare. 
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The more common situation is to have simultaneous heat and drought events. A 
well-documented large-scale heat and drought event occurred in the summer of 
2003 in Europe. July temperatures were up to 6°C higher than long-term means and 
rainfall deficits were up to 300 mm, equivalent to 50% of annual precipitation in 
some locations. These conditions produced a 30% decrease in gross primary 
production over the European continent, making the region a net source of CO2 
(0.5 Pg C per year) rather than a sink as it had been in previous years (Ciais et al., 
2005). Some forests showed growth reductions of 50% (Bertini et al., 2011). 
 During drought periods, cloudiness is reduced, which increases solar 
radiation and heating of land surfaces and reduces air relative humidity. The 
resulting increases in VPD cause increased transpiration, further drying the soil and 
creating a positive feedback loop that accelerates and magnifies the effects of the 
drought. The combination of heat and drought has contributed to tree mortality 
worldwide (Allen et al., 2010). In many instances, after the trees have been 
stressed by several years of drought and high temperatures, insects and diseases are 
the primary agents of death (Breshears et al., 2005; Kurz et al., 2008; Allen et al., 
2010). Examples include mountain pine beetle in USA/Canada, and beech woolly 
aphid in France (Rouault et al., 2006). Warming in the Western United States has 
accelerated soil drying, and has been implicated in increased tree mortality 
throughout the region (van Mantgem et al., 2009). 
 The simultaneous occurrence of heat and drought events can impose 
considerable strains on tree function. The European drought of 2003 provided 
several examples of the negative effects of concurrent heat and drought on 
physiological processes in trees. In Quercus pubescens growing in the Swiss Alps, 
leaf temperatures were generally higher than air temperatures, and often exceeded 
40°C on many days in June, July and August (Haldimann et al., 2008). As 
expected, net photosynthesis was reduced throughout the day. Intercellular CO2 
concentrations were high, indicating that the suppression of photosynthesis was 
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due to biochemical limitations rather than stomatal closure. Leaves increased their 
concentration of carotenoids, which added protection against photo-oxidative 
damage, likely at the expense of growth. There was a reduction in chlorophyll 
concentration, a down-regulation of PSII, and an increase in dissipation of 
electrons through alternative pathways. The heat and drought event also caused 
stomatal closure, as well as early senescence of leaves of Q. pubescens (Zweifel et 
al., 2006). It is uncertain whether the leaves senesced because of excessive heat 
damage, or as a response to maintain the tree hydraulic system by reducing 
transpiration (Zweifel et al., 2007). In a study of 18 tree species during the 2003 
heat and drought event, García-Plazaola et al. (2008) reported that most species 
had decreased chlorophyll, ascorbate, and chlorophyll fluorescence (Fv/Fm) and 
increased tocopherol and xanthophyll cycle pigments, which would increase 
protection against excessive light energy in the chloroplast. 
 In most circumstances, trees are able to cope well with high ambient 
temperatures (>40°C) for short durations as long as they have a sufficient water 
source. This water is used to cool the leaves evaporatively by transpiration, but also 
to cool stem tissues convectively through heat transfer (Kolb & Robberecht, 1996). 
Thus, at high temperatures, drought impedes the capacity to cool tissues to 
temperatures below the damage threshold. Drought and extreme temperatures are 
often interconnected, and may induce similar cellular damage and secondary 
stresses, such as osmotic and oxidative stress, which often activate similar cell 
signalling pathways and cellular responses, such as the production of stress 
proteins, up-regulation of antioxidants, and accumulation of compatible solutes 
(Wang et al., 2003). The effect of this striking interconnection between soil 
drought and extreme temperatures is not, however, limited to responses of living 
cells, but also exists at the whole-tree transport level, including xylem transport, 
phloem transport and their interaction, because extreme temperatures translate into 
atmospheric drought, which in turn causes increased transpiration. Thus, while 
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exposed to both dry soil and a dry atmosphere caused by extreme temperatures, 
trees must maintain hydration to avoid a whole-system transport failure, which 
would ultimately lead to tree death (Anderegg et al., 2012). In Chapter 3, we show 
that transpiration of seedlings in a low soil water treatment significantly decreased 
as a week-long +12°C heat wave progressed, and that transpiration was 
significantly lower after the heat wave than prior to the heat wave. This behaviour 
was absent in well-watered seedlings. Therefore, selection for drought resistance 
may also be important for selection for heat and extreme temperature resistance. 
 
1.7 Conclusions 
It is clear that there is much to be learned about how high temperatures and heat 
waves affect trees. The level of stress caused by high temperatures is determined 
by many things, including exposure temperature, duration of exposure, ability to 
tolerate or rapidly acclimate, time of year and soil water availability. Trees are well 
adapted to survive transient extreme heat events, although these events reduce 
carbon gain and growth. Heat stress and drought stress are often linked, and each 
tends to amplify the stress caused by the other. Mortality from drought is far more 
likely than mortality from heat stress, but the severity of drought stress, and the 
speed of its onset, is greatly increased under high temperatures. Similarly, drought 
can exacerbate the effect of heat stress. For example, a common response to 
drought stress is to close stomata to reduce water loss, but heat stress can be much 
more severe when transpirational cooling is reduced. At this time, we do not know 
how many tree species employ this mechanism to cool their leaves, although some 
clearly do. Compared with other physiological processes, including growth, we 
know more about the effect of heat on photosynthesis, but even that knowledge is 
limited. We have yet to determine differences in thermal tolerance across 
temperature gradients within and across biomes, or in the amount of genetic 
variation in high-temperature tolerance within species. These issues present 
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opportunities for research that will expand our knowledge of how trees acclimate 
and adapt to their environment. There are also ample prospects for the use of both 
traditional and modern genetic techniques to improve resistance to high-
temperature stress of economically important trees, particularly because this has 
not been the focus of breeding programmes to date. Decisions about trait and gene 
selection are complicated by a lack of understanding of how trees respond 
physiologically to the combination of heat waves and drought. For example, 
selection for drought avoidance traits such as deep root systems that could supply 
more water would be advantageous for heat tolerance, but would likely reduce 
stem biomass production. However, it is imperative that more attention is focused 
on these problems, given the long life of trees, the extended period between 
planting and harvest of most economically important species, and our rapidly 
changing climate. 
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2.1 Introduction 
Since the majority of the experiments reported in this thesis share large parts of 
their methodologies, the current chapter will present all experimental materials and 
methods. The common set-up and environmental control schemes are presented 
first. Second are the specific measurement protocols, and the statistical analyses are 
presented last. 
 
2.2 Study site 
The study site was located at Whitehall Forest, a research unit of the University of 
Georgia in Athens, GA (33°57’N, 83°19’W, altitude 230 m). Eight treatment 
chambers, half-cylinder in shape and measuring 3.62 m length by 3.62 m width by 
2.31 m height were constructed at the site. The chambers were constructed 
according to the method described in Boyette and Bilderback (1996), with lumber 
bases and PVC pipe frames supporting 0.15 mm thick clear polyethylene film (GT 
Performance Film, Green-Tek Inc., Edgerton, WI, USA). The chambers were 
placed in an open field, spaced 3.7 m apart to minimise shading, and oriented 
facing south to maximise daily sun exposure.  
 
2.3 Plant material 
Seeds of a deciduous broadleaf (northern red oak: Quercus rubra L.) and an 
evergreen conifer (loblolly pine: Pinus taeda L.) were chosen. P. taeda is the most 
economically important crop of any kind in the south-eastern states, and the most 
commonly planted tree species in America; approximately 75% of all seedlings 
planted each year are P. taeda (McKeand et al., 2003). In addition, the demand for 
wood/fibres from southern yellow pines is projected to increase 35-40% within the 
next 50 years to accommodate the needs of a growing populace and to offset 
decreased tree harvesting in western and northern states. Similarly, Q. rubra is 
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valued for its timber, is ecologically important, and is also stress hardy (Sander, 
1965). The seeds were planted on 1 December, 2009 in 0.5 L pots in potting 
medium (Fafard Nursery Mix, Conrad Fafard Inc., Agawam, MA, USA). The P. 
taeda seeds were from a single family in Morgan County, GA (Family 15042, 
Plum Creek Timber Company, Athens, GA, USA, 33°54'37"N 83°27'31"W). The 
Q. rubra seeds were obtained from a wild collection in Tennessee (Louisiana 
Forest Seed Company, 135 Lecompte, LA, USA, 31°08'03"N 92°27'34"W). This 
provenance is in the southernmost region of the species range (Fig. 2.1). 
 
 
Figure 2.1  Distribution map for Pinus taeda  and Quercus rubra .  Adapted from 
Little (1971).   
 
In February 2010 the seedlings were transplanted to 8 L pots (cylindrical in shape; 
22 cm diameter, 22 cm height) in the same potting medium. The pots were watered 
three times a day to saturation until treatments started. In April, May, June and July 
each pot was fertilised with 30 g of 15-9-12 extended release fertiliser (Osmocote 
plus #903286, Scotts-Sierra Horticultural Products, Marysville, OH, USA). In 
May, 0.04 mL Imidacloprid was applied topically to the soil in each pot to prevent 
insect infestation (Bayer Advanced 12 months tree and shrub insect control, Bayer, 
Monheim am Rhein, Germany). 
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2.4 Experimental design and monitoring 
The setup of this experiment was based on Wertin et al. (2010). Each treatment 
chamber was assigned one of eight treatment combinations (Fig. 2.2) These 
combinations were produced by two factors: atmospheric [CO2] and chamber 
temperature. The [CO2] treatments were ambient [CO2] (CA, 380 mol CO2 mol
-1
) 
or elevated [CO2] (CE, 700 mol CO2 mol
-1
). The temperature treatments were 
ambient temperature (TA0), ambient +3°C (TA3), a heat wave elevating ambient by  
 
 
Figure 2.2  Treatment assignment for the growth chambers. Treatment combinations 
were randomly rotated among the chambers every four weeks.  
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6°C every other week (THW6), and a heat wave elevating ambient by 12°C every 
four weeks (THW12). Each heat wave lasted for one week, and both heat wave 
treatment schemes were repeated every four weeks throughout the growing season. 
 The elevated temperature treatments TA3, THW6 and THW12 represent the 
same applied heat sum and correspond to an average increase of 3°C over a four 
week period and the entire growing season (May through September). In this 
context, the heat treatments may also be considered as differences in temperature 
variability (Fig. 2.3).  
 
 
Figure 2.3  Temperature treatment scheme for the three elevated temperature 
treatments: ambient +3°C (TA3),  +6°C heat wave (TH W6) and +12°C heat wave 
(TH W1 2).  The grey area is the same size in each panel , indicating that the average 
temperature increment over  a four week period was equal at + 3°C.   
 
Within each chamber we assigned half of the seedlings to one of two water 
treatments. These water treatments consisted of watering to field capacity (WH, 
50% v/v on average) or maintaining a target volumetric water content of 30% 
(WL). Thus the experiment was a complete factorial of 2 [CO2] × 4 temperature × 2 
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water treatments. Thirty Q. rubra seedlings and thirty P. taeda seedlings were 
placed in each chamber. Seedlings were randomly assigned to one of six blocks per 
species per chamber (Fig. 2.4). Three blocks were assigned to WH and three to the 
WL treatment. Pots were evenly spaced within the chamber. To minimise any 
potential chamber effect, treatment combinations, blocks, and pots within blocks 
were randomly rotated among chambers every four weeks, and chamber [CO2] and 
temperature conditions were adjusted accordingly. Temperature, [CO2] and water 
treatments were initiated 2 May 2010. 
 
 
Figure 2.4  Treatment chamber layout. Each species  (ei ther Quercus rubra  or Pinus 
taeda) was put on one side of the chamber, and water treatment blocks were 
alternated per species.  
 
 To maintain [CO2] at the desired levels, a nondispersive infrared CO2-
sensor (Model GMT222, Vaisala Inc., Woburn, MA, USA) continuously measured 
[CO2] inside each chamber and directly controlled a solenoid valve which released 
CO2 into the chambers as necessary from a cylinder of industrial grade compressed 
100% CO2 (Airgas National Welders, Toccoa, GA, USA). An oscillating fan was 
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installed in each chamber to disperse the CO2 evenly throughout the chamber. A 
datalogger (23X, Campbell Scientific, Logan UT, USA) was used to monitor air 
temperature with a thermocouple inside each chamber and outside 1.45 m south of 
the chambers. Each thermocouple was housed in a ventilated radiation shield 
(Model SRS100, AmbientWeather, Chandler, AZ, USA) mounted on a pole 1 m 
above ground level. The datalogger was programmed to compare chamber air 
temperature with outside temperature at a 1-minute interval, and control air 
conditioners (FAM186R2A, Frigidaire, Augusta, GA, USA) and resistance heaters 
(3VU33A, Dayton Electric, Niles, IL, USA) to maintain the treatment target air 
temperatures. Air conditioners and resistance heaters were controlled using a 
simple on/off signal, meaning that there was some lag and overshoot in the 
temperature control, though this effect was negligible. The setup was indeed found 
to be reliable, and average temperatures in the TA3, THW6 and THW12 chambers were 
very similar across the experiment (Fig. 2.5). 
 Soil water content in the pots was measured with soil moisture probes 
(ECH2O EC5, Decagon Devices, Pullman, WA, USA), which were inserted to a 
depth of 9 cm, and recorded every 10 min with the datalogger. Probes were 
inserted in four pots in the WL treatment and two pots in the WH treatment per 
chamber. In the WH treatment, plants were provided with three watering events of 8 
minutes per day, during which 252 mL was applied via an automated irrigation 
system and drip emitters (Supertif - PLASTRO, Kibbutz Gvat D. N. Ha’Amakim, 
Israel). In the WL treatment, we used the procedure described in Nemali and van 
Iersel (2006) to control soil moisture separately for each chamber: when the 
average volumetric soil water content dropped below the threshold value of 30%, 
the datalogger initiated a signal that activated a solenoid and each seedling in the 
WL treatment in that chamber received 5 mL water over 10 seconds. After a 15 
minute delay to allow equilibration in the pots, the process repeated until the 
threshold value was exceeded. In both soil water treatments, drip emitters were 
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attached right above the soil surface, to the opposite side of the pot as the soil 
moisture sensors. 
 
 
Figure 2.5  Average diurnal  temperature profile in the chambers of four temperature 
treatments: ambient temperature (T A0),  ambient +3°C (TA3),  +6°C heat wave (TH W6)  
and +12°C heat wave (TH W 12),  as well as outside of the treatment chambers from 2 
May through 2 October (156 days). Temperatures were measured 1 m above the 
ground.  
 
2.5 Measurements 
2.5.1 Gas exchange measurements 
Gas exchange measurements were performed during the experiments described in 
Chapters 3, 5 and 7. To determine the effect of heat waves on foliar gas exchange, 
measurements were made prior to, during and after two midsummer heat wave 
treatment periods. In July  (Chapter 5), measurements were conducted daily (12:00 
hours) on four randomly selected seedlings, from each species, from each [CO2] × 
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temperature treatment combination. In August (Chapters 3, 4, and 7), 
measurements were conducted twice per day (09:00 and 15:00 hours) on four 
randomly selected Q. rubra seedlings from each of the sixteen treatment 
combinations. This was done on 10 days in July: 3 days before the start of the heat 
wave (13, 16 and 19 July), 4 days during the heat wave (20, 22, 24 and 26 July) 
and 3 days after the heat wave (27 and 29 July, and 1 August). This was also done 
on 9 days in August: 2 days before the start of the heat wave (18 and 19 August), 4 
days during the heat wave (20, 23, 24 and 26 August) and 3 days after the heat 
wave (27, 29 and 31 August). Measurements were performed on sunny or mostly 
sunny days. All measurements were conducted on foliage from the most recent 
fully developed flush. Foliar gas exchange parameters were measured using a 
portable photosynthesis system (model LI-6400; Li-Cor Biosciences, Lincoln, NE, 
USA) fitted with a fluorescence head (6400-40 Leaf Chamber Fluorometer, Li-Cor 
Biosciences, Lincoln, NE, USA). Light saturated net photosynthesis (Anet, mol 
CO2 m
-2
 s
-1
), stomatal conductance (gs, mol H2O m
-2
 s
-1
) and transpiration rate (E, 
mmol H2O m
-2
 s
-1
) were simultaneously measured on the selected seedlings. The 
chamber temperature of the fluorescence head was set to match the actual 
temperature measured in the treatment chambers at the start of the measurement. 
This means that measurement temperatures varied across different days as a 
function of ambient temperature, as treatment temperature differences were 
consistently maintained. The light source of the fluorescence head was maintained 
at 1500 mol PAR m-2 s-1 and [CO2] was maintained at treatment conditions, either 
380 or 700 mol CO2 mol
-1
 for CA and CE respectively. 
 In August 2010, mean outside daytime temperature was 29.5 (± 0.8)°C. 
Over the same time period, the elevated heat treatments TA3, TW6 and TW12 
averaged 2.9, 3.2 and 3.1°C, respectively, above the ambient heat treatment TA0 
(each significantly different from TA0, P < 0.05, but not from the other elevated 
treatments) (Table 2.1). Mean atmospheric [CO2] was 385 µmol mol
-1
 and 704 
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µmol mol
-1
 in the CA and CE treatments, respectively. Mean soil moisture content 
was 28.0 % v/v in the WL treatment and 50.8% v/v in the WH treatment and did not 
differ among [CO2] and temperature treatments. 
 
Table 2.1.  Mean (S.E.) air temperature (°C) in the environmentally contro lled 
treatment chambers constructed near Athens, Georgia, USA. Temperatures are 
averaged across measurement days before (PRE), during (DUR), and after (POST) 
applied heat waves in July and August 2010 at the time of measurement (12h -14h). 
Treatments were: CA ,  ambient [CO2] ; CE ,  elevated [CO2] ; TA0 ,  ambient temperature; 
TA3 ,  ambient temperature +3°C; T H W1 2 ,  12°C heat wave.  
 
 
July Heat Wave  August Heat Wave 
Treatment PREJuly DURJuly POSTJuly  PREAugust DURAugust POSTAugust 
CATA0 34.7 (0.8) 37.0 (0.8) 36.9 (0.5)  35.3 (0.8) 36.8 (1.5) 35.0 (1.0) 
CATA3 37.3 (0.8) 39.8 (0.7) 39.2 (0.4)  37.4 (0.2) 38.8 (0.8) 37.6 (0.8) 
CATHW6 34.8 (0.8) 42.7 (0.9) 36.6 (0.5)  35.4 (0.7) 41.8 (0.9) 34.9 (0.9) 
CATHW12 34.7 (0.8) 47.7 (1.0) 36.6 (0.5)  35.3 (0.6) 46.8 (0.9) 34.6 (1.0) 
CETA0 34.8 (0.7) 38.2 (0.4) 36.4 (0.6)  35.6 (0.4) 36.4 (0.5) 34.9 (0.9) 
CETA3 37.2 (0.8) 39.7 (0.7) 38.5 (0.4)  37.9 (0.1) 37.8 (0.9) 37.3 (0.9) 
CETHW6 34.8 (0.7) 42.8 (0.7) 36.3 (0.6)  35.6 (0.3) 40.9 (0.4) 35.0 (0.8) 
CETHW12 34.7 (0.8) 47.4 (0.7) 36.1 (0.6)  35.5 (0.2) 47.0 (0.4) 34.9 (0.9) 
 
2.5.2 Chlorophyll a fluorescence measurements 
Chlorophyll a fluorescence (Chl-a fluo) measurements were performed during 
the experiments described in Chapters 3, 5 and 7. Measurements were made prior 
to, during, and after one midsummer heat wave treatment period (grey area in    
Fig. 1). Measurements were conducted twice per day (09:00 and 15:00 hours) on 
four randomly selected seedlings in each of the sixteen treatment combinations 
over the course of nine days: two days before the start of the heat wave period (18 
and 19 August), four days during the heat wave (20, 23, 24 and 26 August) and 
Chapter 2 
 
48 
 
three days after the heat wave (27, 29 and 31 August). Measurements were 
performed on sunny days on foliage of the most recent fully developed flush. 
 
 
 
Figure 2.6  The portable gas exchange system LI-6400XT. Top: sensor head, with 
fluorescence cuvette  containing two matched infrared gas analysers . Bottom: gas 
flow conditioning and data processing unit.  
 
 Foliar Chl-a fluo was measured using a portable photosynthesis system 
(Model LI-6400XT, Li-Cor Biosciences, Lincoln, NE, USA) fitted with a 
fluorescence cuvette (6400-40, Li-Cor Biosciences, Lincoln, NE, USA) (Fig. 2.6). 
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Cuvette temperature was set to match the temperature in the treatment chamber at 
the start of the measurement. The light source of the cuvette was maintained at 
1500 µmol PAR m
-2
 s
-1 
(0.1/0.9 mix of 460 nm and 640 nm). This PAR level 
waschosen to facilitate simultaneous gas exchange measurements. [CO2] inside the 
leaf cuvette was maintained at 380 or 700 µmol CO2 mol
-1
 for CA and CE, 
respectively. Light acclimated PSII efficiency (Fv'/Fm' = 1-F0'/Fm'), effective PSII 
quantum yield (PSII = 1-Fs/Fm') and photochemical quenching, which relates 
Fv'/Fm' to PSII and is a non-linear measure for the proportion of open PSII centres 
(qP = [Fm'-Fs]/[Fm'-F0']), were calculated from steady-state fluorescence (Fs), 
maximum fluorescence after a saturating light flash (Fm’ after 1 sec 7000 mol m
-2
 
s
-1
) and minimum fluorescence after a far-red pulse (F0' after 3 sec 9 mol m
-2
 s
-1
 
peaking at 740 nm). 
 
2.5.3 Dark adapted measurements 
Dark adapted measurements were performed during the experiment described in 
Chapter 4. Electron fluxes associated with Rubisco activity and the CO2/O2 
specificity factor of Rubisco (S) were calculated as described by Valentini et al. 
(1995). Briefly (Appendix B for all formulae), photorespiration rate (Ri) and the 
electron fluxes for carboxylative and oxygenative reactions of Rubisco (Jc and Jo, 
respectively) were calculated from net photosynthesis (Anet), dark respiration (Rd), 
and total electron transport rate (JT) (equivalent to ETR). Rubisco S was then 
calculated as [Jc/Jo]/[cc/co]: cc is the mole fraction of CO2, and co the mole fraction 
of O2 at the carboxylation/oxygenation site in the chloroplastic stroma. At 25°C 
and ambient [CO2] (380 mol CO2 mol
-1
), we assumed the value of cc/co was 0.024 
(= 6.3 M/263 M) (von Caemmerer & Quick, 2000), and we corrected for the 
relative solubility of CO2 to O2 as temperature changed (Jordan & Ogren, 1984). 
To account for expected differences in intercellular [CO2] (Ci) among treatments, 
we multiplied ci/co by the ratio of Ci, as calculated by the LI-6400XT software, to 
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190 mol CO2 mol
-1
, a value assumed to be valid for a cc/co of 0.024 (von 
Caemmerer & Quick, 2000). We did not correct mesophyll conductance (gm) 
among treatments (Appendix C). Rm was calculated from Rd using a temperature 
dependent Q10 relation (Larcher, 1983; Tjoelker et al., 2001) which was applied 
using leaf temperatures recorded by the LI-6400XT leaf thermocouple. Anet and JT 
(= ETR) were taken from measurements performed the next day for 17 August, and 
the previous day for 25 and 30 August. 
 
2.5.4 Biomass accumulation measurements 
Biomass measurements were performed during the experiments described in 
Chapters 3 and 6. Seedlings were harvested at the end of the growing season (2 
October 2010) just before leaf senescence of Q. rubra seedlings. Roots were hand-  
 
 
Figure 2.7  Average daily temperature values inside the treatment chamber for two 
weeks in August 2010. Arrows indicate a measurement day for gas exchange and 
Chl-a  fluo (Chapters 3, 4, 7). The grey area indicates the period during which the 
+6°C and +12°C heat waves  were applied.  
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washed to remove all potting material. Foliage, stem and root biomass of 15 
seedlings per treatment were dried at 60C for one week and weighed. 
 
2.5.5 Growth measurements 
Growth measurements were performed during the experiment described in Chapter 
6. Stem height and diameter at the base of each seedling were measured monthly 
from June through October 2010 using a meter stick and digital calliper (Absolute 
Digimatic 500-196-20, Mitutoyo USA, Aurora, IL, USA). When the treatments 
were initiated, there were no significant differences in stem height or diameter 
(according to ANOVA, all P > 0.05).  
 
2.5.6 Acclimation measurements 
Acclimation measurements were performed during the experiment described in 
Chapter 7. To determine if seedlings were acclimating to repetitive exposure to 
+12°C heat waves, three individuals from the TA0 treatment were placed in the 
THW12 treatment chamber right before the August heat wave (20–26 August 2010). 
Leaf gas exchange and Chl-a fluo measurements were conducted on these 
seedlings as well as on three seedlings that had been grown in the THW12 treatment. 
These measurements took place three hours before the consecutive heat waves 
experiment measurements (12:00 and 15:00 hours, respectively) on 19, 23 and 26, 
and 31 August (before, during, and after the +12°C heat wave, respectively). This 
experiment allowed us to investigate whether seedlings with no previous exposure 
history (N-PEH) to a +12°C heat wave performed similarly during a heat wave to 
those which were previously exposed (PEH). This factor was denoted as exposure 
history. 
 Leaf gas exchange and Chl-a fluo measurements were conducted prior to, 
during, and after two midsummer heat wave treatment periods (20-26 July, and 20-
26 August, 2010, respectively). Measurements were conducted at noon on four 
randomly selected seedlings (different from the N-PEH and PEH seedlings) from 
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each of the six treatment combinations. Different individuals in THW12 treatment 
(i.e. PEH) than those used in the heat wave acclimation experiment were selected 
to avoid any artefacts caused by mechanical perturbation due to earlier handling of 
the seedlings. 
 The rationale behind measuring the THW12 seedlings again at this time is 
that photosynthetic activity can show a strong diurnal profile. Because of the three 
hour difference between the two measurement sessions, it was decided that 
additional measurements in the THW12 treatment were necessary. For the July heat 
wave treatment period, measurements were made over ten days: three days before 
the start of the heat wave (13, 16 and 19 July), four days during the heat wave (20, 
22, 24 and 26 July) and three days after the heat wave (27 and 29 July, and 1 
August). For the August heat wave treatment period, measurements were made 
over nine days: two days before the start of the heat wave (18 and 19 August), four 
days during the heat wave (20, 23, 24 and 26 August) and three days after the heat 
wave (27, 29 and 31 August). 
 
2.6 Data analysis 
2.6.1 Gas exchange measurements 
There were a total of 16 treatment combinations in this study: two [CO2] treatments 
× four heat treatments × two water treatments. Measured and calculated parameters 
were analysed using a three-way repeated measures analysis of variance 
(RMANOVA) with treatment day (nine levels; two before, four during and three 
after the heat wave) and time of day (two levels; 09:00 and 15:00 hours) as fixed 
repeated factors on a physiological parameter (Anet, gs or E). Biomass values were 
analysed via three-way ANOVAs to account for [CO2], heat and soil water 
treatments. Tree (n = 4) was included as a random effect in all analyses. Holm-
Sidak’s multiple comparison test was used to determine differences among 
treatments in each parameter. Statistical tests were performed using PROC MIXED 
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and PROC GLM model analyses in SAS 9.2 (SAS Institute Inc., Cary, NC, USA). 
In R (R Development Core Team, 2009), functions aov, p.adjust and mt.rawp2adjp 
(package multtest) were used. 
 
2.6.2 Chlorophyll a fluorescence measurements 
Light-acclimated Chl-a  fluo was analysed using a multi-factorial linear mixed-
model repeated measures analysis of variance (RMANOVA) with [CO2], 
temperature, and soil water treatments treated as fixed factors, and treatment day 
(nine levels; 2 before, 4 during, and 3 after the heat wave) as the repeated factor. 
Dark-adapted parameters and Rubisco properties were analysed using an 
RMANOVA with [CO2], temperature, and soil water treatments as fixed factors, 
and treatment period (three levels; before, during and after the heat wave) as the 
repeated factor. Tree (n = 4) was included as a random effect in all analyses. Time 
of day (two levels; AM and PM) was initially included as an additional random 
effect in analyses of light-acclimated Chl-a fluo and Rubisco catalytic properties, 
but since there was no time of day effect, values were averaged to obtain one daily 
value. Tukey's multiple comparison test with post-hoc Sidak correction was used to 
determine differences among treatments for each parameter. Statistical tests were 
performed using PROC MIXED analyses in SAS 9.4 (SAS Institute Inc., Cary, 
NC, USA). The covariance structure with the lowest fit statistic (either -2 res log 
likelihood, AICC or BIC) was selected for the mixed models; all null model ²-
tests yielded P < 0.05. 
 
2.6.3 Dark adapted measurements 
Dark-adapted parameters and Rubisco properties were analysed using an 
RMANOVA with [CO2], temperature, and soil water treatments as fixed factors, 
and treatment period (three levels; before, during and after the heat wave) as the 
repeated factor. Tree (n = 4) was included as a random effect in all analyses. 
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Tukey's multiple comparison test with post-hoc Sidak correction was used to 
determine differences among treatments for each parameter. Statistical tests were 
performed using PROC MIXED analyses in SAS 9.4 (SAS Institute Inc., Cary, 
NC, USA). The covariance structure with the lowest fit statistic (either -2 res log 
likelihood, AICC or BIC) was selected for the mixed models; all null model ²-
tests yielded P < 0.05. 
 
2.6.4 Biomass accumulation measurements 
As the growth of trees seedlings generally conforms to the theory of allometric 
growth (Ledig and Perry, 1966), the proportion of dry matter allocated to each 
organ (leaf, stem or root) may change with increasing plant size. Differences in dry 
weight allocation among experimental treatments should be determined by 
differences in the constants of the allometric equation, and may be detected 
through linear regression after logarithmic transformation of the allometric 
equation: O = c*W
d 
, with O organ weight, W total plant weight, and c and d 
constants. This then yields (after transformation): log(O) = c' + d*log(W). Since 
allometric relations (such as the root:shoot ratio) change exponentially with tree 
size, any treatment which affects size will also affect these relations (especially 
when tested with linear methods like ANOVA). Eliminating the ontogenetic effect 
on carbon partitioning therefore allows the effect of treatment to be clearly 
distinguished. Changes in carbon allocation in response to [CO2], temperature, and 
soil water treatments were therefore tested by a three-way analysis of covariance 
(type III SS) for each species for separate intercepts and slopes using natural log 
transformations of component biomass following Bongarten and Teskey (1987). 
Statistical tests were performed using PROC MIXED and PROC GLM model 
analyses in SAS 9.3 (SAS Institute Inc., Cary, NC, USA). The covariance structure 
with the lowest fit statistic (either -2 res log likelihood, AICC or BIC) was selected 
for the mixed model. 
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2.6.5 Growth measurements 
Seedling height and diameter were analysed using a three-way repeated measures 
analysis of variance (RMANOVA) per species, with measurement date (five 
levels) as a repeated factor. Biomass values were analysed via a three-way 
ANOVA for each species to account for [CO2], temperature and soil water 
treatments. Tukey's multiple comparison test with post-hoc Sidak correction was 
used to determine differences among treatments for each parameter. Tree (n = 15) 
was included as a random effect in all analyses. Statistical tests were performed 
using PROC MIXED and PROC GLM model analyses in SAS 9.3 (SAS Institute 
Inc., Cary, NC, USA). The covariance structure with the lowest fit statistic (either -
2 res log likelihood, AICC or BIC) was selected for the mixed model. 
 
2.6.6 Acclimation measurements 
Leaf gas exchange and chlorophyll a fluorescence were analysed using a repeated-
measures analysis of variance (RMANOVA) with [CO2] (2 levels; CA, CE) and 
previous +12°C heat wave exposure history (2 levels; PEH, N-PEH) as the fixed 
effects, and treatment period (3 levels; PRE, DUR, POST) as the repeated effect. 
Tree (n = 3 or 4) was included as a random effect in all analyses. Student’s t-tests 
were used to compare between-treatment combinations of each parameter. 
Statistical tests were performed using PROC MIXED model analyses in SAS 9.4 
(SAS Institute Inc., Cary, NC, USA). The covariance structure with the lowest fit 
statistic (either -2 res log likelihood, AICC or BIC) was selected for the mixed 
model; all null model ²-tests yielded P < 0.05. 
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Abstract 
The frequency and intensity of heat waves are predicted to increase. This study 
investigates whether heat waves would have the same impact as a constant increase 
in temperature with the same heat sum, and whether there would be any interactive 
effects of elevated [CO2] and soil moisture content. We grew Quercus rubra 
seedlings in treatment chambers maintained at either ambient or elevated [CO2] 
(380 or 700 mol CO2 mol
-1
) with temperature treatments of ambient, ambient 
+3°C, moderate heat wave (+6°C every other week) or severe heat wave (+12°C 
every fourth week) temperatures. Averaged over a four week period, and the entire 
growing season, the three elevated temperature treatments had the same average 
temperature and heat sum. Half the seedlings were watered to field capacity (50% 
v/v on average), the other half to 30%. Foliar gas exchange measurements were 
performed morning and afternoon (9:00 and 15:00 hours) before, during and after 
an applied heat wave in August 2010. Biomass accumulation was measured after 5 
heat wave cycles. Under ambient [CO2] and well watered conditions, biomass 
accumulation was highest in the +3°C treatment, intermediate in the +6°C heat 
wave and lowest in the +12°C heat wave treatment. This response was mitigated by 
elevated [CO2]. Low soil moisture significantly decreased net photosynthesis (Anet) 
and biomass in all [CO2] and temperature treatments. The +12°C heat wave 
reduced afternoon Anet by 23% in ambient [CO2]. Though this reduction was 
relatively greater under elevated [CO2], Anet values during this heat wave were still 
34% higher than under ambient [CO2]. We concluded that heat waves affected 
biomass growth differently than the same amount of heat applied uniformly over 
the growing season, and that the plant response to heat waves also depends on 
[CO2] and soil moisture conditions. 
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3.1 Introduction 
The main constituents of global climate change are generally considered to be an 
increase in atmospheric carbon dioxide concentration ([CO2]) and other greenhouse 
gases (Keeling & Whorf, 2005; IPCC, 2007a), an increase in average temperature 
(Houghton et al., 2001), an increase in the frequency of climate extremes including 
heat waves (Della-Marta et al. 2007; Lynn et al. 2007, Meehl & Tebaldi, 2004; 
Schar et al., 2004), a change in average precipitation (Roy et al. 2012) and an 
increase in precipitation variability (Dore, 2005; Meehl et al., 2007; Trenberth et 
al., 2007).  
 From 1949 to 1995 the number of summer heat waves in the eastern United 
States increased by 20% (Gaffen & Ross, 1998). Similarly, summer heat waves 
have doubled in length (from 1.4 to 3.0 days per heat wave), and the frequency of 
hot days tripled in Western Europe in recent years compared with the early 20
th
 
century (Della-Marta et al., 2007). This trend is considered very likely to continue 
in this century (IPCC, 2007b; Lynn et al., 2007). Such extreme heat events may be 
more important to many organisms than shifts in average temperature (Easterling et 
al., 2000) and have the potential to trigger threshold-type responses in plants and 
ecosystems that might prevent acclimation or recovery upon return to normal 
environmental conditions (Bragazza, 2008; Jentsch et al., 2011). The intensity of 
the extreme is expected to be a determining factor in this context (Marchand et al., 
2006; Hüve et al., 2011). Heat waves likely have more significant negative impacts 
on plant communities and ecosystems than the same heat sum received over longer 
periods of time (Pichler & Oberhuber, 2007). A 30% decrease in gross primary 
productivity in 2003 in forests across Western Europe was attributed to a severe 
heat wave that summer (Ciais et al., 2005). 
 Productivity decreases were further amplified in regions within Europe that 
were impacted by drought, a factor usually accompanying heat waves (De Boeck et 
al., 2010; De Boeck et al., 2011). Other reported stress influences include 
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metabolite accumulation, leaf senescence and a decrease in photosynthetic 
efficiency, stomatal conductance and protein synthesis (Ohashi et al., 2006; Dai et 
al., 2007; Warren et al., 2011). The simultaneous occurrence of these extreme 
conditions emphasises the need for investigation of their impact (Fensham & 
Holman, 1999; Adams et al., 2009; Allen et al., 2010). 
 The effect of elevated temperatures on plant physiological processes and 
growth is often evaluated by comparing different constant temperatures (e.g. Roden 
& Ball, 1996; Qaderi et al., 2006; Ow et al., 2008) or comparing a constant 
elevation in temperature to ambient conditions (e.g. Berry & Björkman, 1980; 
Gunderson et al., 2009; Dias et al., 2011; Djanaguiraman et al., 2011; Wertin et al, 
2011). Way and Oren (2010) concluded in a review of such studies that elevated 
temperatures enhanced growth in most tree species. However, it is unlikely that air 
temperature will increase gradually and evenly. Instead, the frequency and intensity 
of heat waves are predicted to increase (Breshears et al., 2005; Diffenbaugh & 
Ashfaq, 2010). 
 Elevated [CO2] has been reported to have had a mitigating effect on heat 
stress in short term studies lasting less than one day (Faria et al., 1998; Hüve et al., 
2011, Huxman et al., 1998) and in one instance, one week (Hamerlynck et al., 
2000). Leaves from woody and herbaceous plants grown in elevated [CO2] 
maintained higher Anet when exposed to heat stress than leaves grown at ambient 
[CO2] (Taub et al., 2000). Elevated [CO2] was also reported to enhance 
thermotolerance of Anet in a group of C3 plants, allowing the plants to 
photosynthesise at higher rates for a longer duration of time, during a 4 hours 
exposure to 40°C (Wang et al., 2008). However, in some cases, a negative 
interactive effect was found between elevated [CO2] and temperature (Andre & 
Cloux, 1993; Prasad et al., 2006; Hatfield et al., 2011).  
 These and other studies have shown that plant responses to simultaneously 
occurring climate change factors (elevated [CO2], increased temperature, drought) 
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are, in all likelihood, not simply predictable as additive responses of the individual 
factors (Shaw et al., 2002; Norby & Luo, 2004). For example, under elevated 
[CO2], drought or temperature stress resistance may increase through improved 
carbon and water status (Centritto et al., 1999; Luis et al., 1999; Medlyn et al., 
2001; Gunderson et al., 2002; Albert et al., 2011; Naudts et al., 2011). Resistance 
to both heat and drought stress under elevated [CO2] has been studied and observed 
as well, though to a lesser extent (e.g. Caldwell et al., 2005). To date, experiments 
on the impact of extreme heat events on plants for more than a few hours are scarce 
(Hamerlynck et al., 2000) and to our knowledge, there have been no studies on the 
interactive effect of elevated [CO2] and drought on plant performance during heat 
waves of different frequency and intensity. The objective of this study was to 
examine the effect of heat waves of different frequency and intensity on foliar gas 
exchange and biomass growth of northern red oak seedlings and to determine 
whether the effects are modified by elevated [CO2] or decreased soil water 
availability. Our specific hypotheses were: (1) the most intense heat wave 
treatment will have the most negative effect on gas exchange and growth; (2) 
decreased soil moisture will exacerbate the heat wave impact; (3) elevated [CO2] 
will mitigate the heat wave impact and (4) heat waves will affect growth more 
negatively than the same cumulative heat exposure produced by a constant increase 
in temperature. 
 
3.2 Materials and methods 
The following section is an abbreviated version of the experiment's materials and 
methods. The complete description is given in Chapter 2. 
 
3.2.1 Experimental setup 
Chamber treatments consisted of two factors: atmospheric [CO2] (ambient (CA, 380 
mol CO2 mol
-1
) or elevated (CE, 700 mol CO2 mol
-1
)) and temperature (ambient 
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(TA0), ambient +3°C (TA3), a heat wave elevating ambient by 6°C every other week 
(THW6), and a heat wave elevating ambient by 12°C every four weeks (THW12)). 
Each of these eight [CO2] × temperature treatment combinations was assigned to 
one of eight treatment chambers, in which thirty seedlings of Quercus rubra L. 
were placed. Per chamber, 15 seedlings were given plenty of water (WH), while the 
other 15 seedlings were poorly watered (WL). Seedlings were planted in December 
2009, and treatments started in May 2010. 
 
3.2.2 Foliar gas exchange measurements 
To determine the effect of heat waves on foliar gas exchange, measurements were 
made prior to, during, and after one midsummer heat wave treatment period. 
Measurements were conducted twice per day (09:00 and 15:00 hours) on four 
randomly selected seedlings from each of the sixteen treatment combinations (2 
[CO2] × 4 temperature × 2 water treatments). This was done on nine days: two days 
before the start of the heat wave (18 and 19 August), four days during the heat 
wave (20, 23, 24 and 26 August) and three days after the heat wave (27, 29 and 31 
August). Measurements were performed on sunny or mostly sunny days. All 
measurements were conducted on foliage from the most recent fully developed 
flush. 
 
3.2.3 Biomass accumulation measurements 
Seedlings were harvested at the end of the growing season (2 October 2010) just 
before leaf senescence. At this stage the seedlings had undergone five heat wave 
cycles. Roots were hand washed to remove all potting material. Foliage, stem and 
root biomass of 15 seedlings per treatment were dried at 60C for one week and 
weighed. 
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3.3 Results 
3.3.1 Cumulative effect of heat waves on growth 
The heat treatments significantly affected leaf, root and total biomass (Table 3.1).  
However, there were no interactions between temperature treatments and the [CO2] 
and soil water treatments on total biomass. Averaged across all [CO2] and soil 
water treatments, total biomass at the end of the experiment was 23% lower in 
THW12 than TA3, even though both treatments had the same average temperature and 
received the same heat sum. Total biomass was not significantly different among 
the TA0, TA3 and THW6 treatments (Fig. 3.1a).  
 
Table 3.1  Linear mixed model analysis of variance (P values) of effects on gas 
exchange and biomass of one-year-old northern red oak (Quercus rubra) seedlings. 
Factors are [CO2]  (C; 2 levels: 380 and 700 mol CO2  mol
- 1),  temperature treatment 
(T;  4 levels: ambient,  ambient +3°C, ambient +6°C every other week, and ambient 
+12°C every fourth week, and water treatment (W; 2 levels: 51% and 30% v/v). 
Values <0.05 denote significance of the effect, and are presented in bold font.  
 
 
  Gas exchange    Biomass  
Factor Anet gs E  Total 
T  0.025 0.046 0.047  0.004 
C <0.001 <0.001 <0.001  <0.001 
W <0.001 <0.001 <0.001  <0.001 
T × C 0.847 0.074 0.871  0.194 
T × W <0.001 <0.022 0.204  0.439 
C × W 0.117 <0.001 <0.001  0.120 
T × C × W 0.025 0.401 0.477  0.703 
 
 Total and component biomass was significantly affected by the CA and CE 
treatments (Table 3.1). Across all heat treatments combined, and for TA0 and THW12, 
total biomass was greater in CE than CA in every heat treatment (Fig. 3.1b). When  
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Figure 3.1 Mean total biomass (+ S.E.) of 
Quercus rubra seedlings at the end of the 
growing season for the four heat treatments: 
ambient temperature (TA0), ambient +3°C 
(TA3), +6°C heat wave (THW6) and +12°C 
heat wave (THW12). (a) overall heat treatment 
means (all other treatments combined); (b) 
heat treatment means separated by ambient 
(CA) or elevated (CE) CO2 treatment level; 
(c) heat treatment means separated by high 
(WH) or low (WL) water treatment level; and 
(d) heat treatments means separated by CO2 
and water treatment levels. Significant 
differences (P < 0.05) across all bars are 
denoted by different letters. 
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compared within [CO2] treatment level, in CA biomass was 40% lower in THW12  
than in TA3 and 25% lower in THW12 than in TA0, but in CE, there were no significant 
differences in biomass among the four heat treatments.  
 Total and component biomass was significantly affected by the WH and WL 
treatments (Table 3.1). For every heat treatment, total biomass was substantially 
greater in WH than in WL (Fig. 3.1c). The differences in total biomass between WH 
and WL ranged from 53% in TA0 to 63% in THW6. Within the WH treatment, 
biomass was significantly lower in THW12 than TA3. Within the WL treatment, 
biomass was not significantly different among any of the heat treatments. 
Comparing among heat treatments within CO2 and soil moisture levels, we found 
that within the CAWH treatment combination, total biomass was significantly 
reduced in both heat treatments compared to the TA3 control (Fig. 3.1d). The mean 
biomass of CAWHTA3 was 100.8 (± 11.0) g. The severe heat wave (CAWHTHW12) 
reduced this value by 39% (P < 0.001).  In addition to being lower than TA3 
biomass, THW12 biomass was also lower than TA0 biomass.  However, in CEWH, 
there were no differences among the heat treatments. In both CA and CE, the WL 
treatment substantially reduced total biomass, and there were no significant 
differences among heat treatments in WL with the exception of CAWLTHW12, which 
had significantly lower biomass than TA0 and TA3. 
 
3.3.2 Effect of heat waves on net photosynthesis 
Net photosynthesis was 42% greater in CE than in CA, averaged across all 
measurements (pre-, during- and post-heat wave, morning and afternoon, WH and 
WL combined) (Table 3.1, Fig. 3.2). Within each [CO2] treatment, there was a trend 
of decreasing Anet as leaf temperatures increased. The Anet of the THW6 and TA3 
treatments were similar, though only the Anet of TA0 and TA3 were significantly 
higher than THW12, and only in CA.  
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Figure 3.2  Mean values and S.E. of net photosynthesis (Anet) and measurement leaf temperature of 
one-year-old Q. rubra seedlings grown under two CO2 levels: ambient (CA, circles) and elevated (CE, 
squares), and four heat treatments: ambient temperature (TA0), ambient +3°C (TA3), +6°C heat wave 
(THW6) and +12°C heat wave (THW12). Values were averaged across the entire experiment. Different 
letters indicate significant differences between values (P < 0.05). 
 
 Comparing Anet of the TA0 and TA3 treatments on individual days showed 
that they responded differently in CA and CE (Fig. 3.3). In CA, both control 
treatments had higher Anet in WH than WL, and within each water regime Anet of TA0 
and TA3 were similar. However in CEWH, Anet of TA0 was often substantially higher 
than in TA3, but in CEWL this pattern was reversed and TA3 was substantially higher 
than TA0. It is also interesting that in WH, Anet of TA0 was substantially higher in CE 
than CA, but Anet of TA3 was essentially the same in CE and CA.  
 In CAWH, the heat wave treatments had no effect on Anet (Fig. 3.3). 
However in CEWH both heat wave treatments had lower Anet on Day 7 of the heat 
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wave than before it started, and they showed lower Anet than TA0. In CAWL, there 
were no significant differences in Anet among the heat treatments, except for Day 1 
of the heat wave, when both the THW6 and THW12 treatments had higher Anet than the 
TA0 and TA3 controls. In CEWL, there were no differences in Anet among TA3, THW6 
and THW12 across the measurement period, but all three of the elevated heat 
treatments had higher Anet than TA0. Relative to pre-heat wave Anet values, in WH 
there was a significant treatment by time interaction, i.e. as the THW12 heat wave 
progressed, Anet declined (Table 3.1). This was also evident in THW6 in CE but not 
CA. In WL this response was less evident.  
 As is commonly observed in diurnal measurements, the mean Anet was 
always higher in the morning than the afternoon,  but when the reduction was        
< 30%, it was generally not statistically significant (Fig. 3.4). However there was 
an interesting response in the THW12 treatment. During the heat wave, in the WL 
treatment, the morning values of Anet were higher than before or after the heat 
wave, when the air temperature was at ambient, and also higher than the morning 
WH values. In that treatment there was also a very substantial reduction in Anet in 
the afternoon, declining by 65% and 61% compared with morning values in CA and 
CE, respectively. 
 
3.3.3 Effect of heat waves on stomatal conductance and transpiration 
A comparison of mean gs and E across the measurement period, i.e. pre-, during- 
and post-heat wave measurements combined, showed that in all heat and water 
treatments both gs and E were greatly reduced in elevated [CO2] compared to 
ambient [CO2] (Fig. 3.5). In CAWH, gs was significantly reduced in TA3, THW6 and, 
especially, THW12 compared to TA0, but there were no significant differences in gs 
among the heat treatments in CEWH.  Although gs was reduced in the heat 
treatments under CAWH, E was unaffected. Under CAWL, E was higher in THW12 
than TA0, and statistically similar among the three elevated heat treatments. In CE in 
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either WH or WL, gs and E were not different among heat treatments. Within heat 
treatments in CE, only in TA0 were gs and E lower in WL than WH. 
 
 
Figure 3.3  Mean (+ S.E.) net photosynthesis of Q. rubra seedlings grown under two CO2 levels: 
ambient (CA, left panels) and elevated (CE, right panels), four heat treatments: ambient temperature 
(TA0), ambient +3°C (TA3), +6°C heat wave (THW6) and +12°C heat wave (THW12), and two soil water 
contents: high (WH, top panels) and low (WL, bottom panels). Values are both morning and afternoon 
measurements, averaged before a week long heat wave in August 2010 (Before), after the heat wave 
(After), and on the first (Day 1) and the last day (Day 7) of the heat wave. Heat wave treatments THW6 
and THW12 are depicted as bars, controls TA0 and TA3 as circles. Significant differences (P < 0.05) with 
a treatment's average before the heat wave is depicted by an asterisk *, whereas a significant 
difference (P < 0.05) between the first and the last day of the heat wave is depicted by a hash tag #. 
 
Averaged across CO2 and water treatments, there were no significant difference in 
gs among the four temperature treatments on each measurement day either before, 
during or after the heat wave (Fig. 3.6). However, gs rose 29% on the first day of 
the heat wave in THW6, and 32% in THW12, compared to before the heat wave. But in 
both treatments this difference disappeared on Day 7 of the heat wave. After the 
heat wave gs dropped to its pre-heat wave level. 
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 Transpiration increased significantly during the heat wave period in both 
THW6 and THW12 compared to pre-treatment values (Fig. 3.6). The largest effect was 
observed in the THW12 treatment where E increased by 95% on Day 1 of the heat 
wave compared to the Before value (from 2.20 to 4.29 mmol H2O m
-2
 s
-1
). After the 
heat wave, E was 28% lower than before the heat wave. 
 
 
Figure 3.4  Mean (+ S.E.) net photosynthesis (Anet) of Q. rubra seedlings grown under two CO2 
levels: ambient (CA, left panel) and elevated (CE, right panel), and two heat treatments: control (TA3) 
and heat wave (THW12) and two soil moisture contents: high (WH) and low (WL), before + after (black 
bars) or during (grey bars) an imposed heat wave period in August 2010. Morning measurements 
(09:00 h) are represented by vertical bars, afternoon measurements (15:00 h) are represented by 
horizontal markings within each bar. The percentage decrease from morning to afternoon is shown 
above each bar. An asterisk * denotes when this decrease was significant (P < 0.05). Values are either 
averaged across all measurements during or before + after the heat wave. 
 
3.4 Discussion 
The results from this experiment largely supported our hypotheses. We found that 
the most intense heat wave had the greatest negative effect on gas exchange and 
growth, supporting our first hypothesis, and that decreased soil moisture 
exacerbated, and elevated CO2 mitigated, the negative effects of a heat wave, 
supporting our second and third hypotheses. Biomass growth integrates temporal 
variation in physiological processes and is a sensitive indicator of the effects of 
temperature on plants. We found that heat waves affected biomass growth 
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Figure 3.5  Mean (+ S.E.) stomatal conductance (gs) and transpiration (E) of Q. rubra seedlings 
grown under two CO2 levels: ambient (CA) and elevated (CE), four heat treatments: ambient 
temperature (TA0), ambient +3°C (TA3), +6°C heat wave (THW6) and +12°C heat wave (THW12) and 
two water treatments: high (WH, grey bars) and low (WL, empty bars). Values are averaged across the 
entire experiment. Significant differences (P < 0.05) across all bars are denoted by different letters. 
 
differently than the same amount of heat applied uniformly over the growing 
season, supporting our fourth hypothesis, but the response was dependent on the 
[CO2] and soil mositure conditions. Under high water availability and ambient 
[CO2], we observed that a constant increase of +3°C increased biomass, which was 
consistent with many reports of the effects of elevated temperature on tree species 
(Way & Oren, 2010). We also observed that biomass growth was significantly 
reduced by the THW6 and THW12 heat waves, the opposite result from the constant 
ambient +3
o
C treatment (TA3), even though each of these treatments had the same 
mean temperature and heat sum for the growing season. 
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 The reductions in whole plant biomass in the heat wave treatments THW6 
and THW12, compared to the constant elevated heat treatment TA3, were not clearly 
linked to Anet differences in those treatments. For example, even though there were 
significant biomass differences between TA3 and THW6 as large as 22%, there was 
no significant Anet difference between TA3 and THW6 in any [CO2] × water treatment 
combination. This indicates that Anet was not the only controlling factor responsible 
for the growth responses in this experiment. It is likely that the heat treatments 
affected a combination of many factors integrated over time that contributed to 
biomass growth. The differences in growth among the four heat treatments 
disappeared in elevated [CO2] in both high and low soil water availability. Similar 
to the findings of others (Hättenschwiler et al., 1997; Saxe et al., 1998), in this 
study elevated [CO2] stimulated biomass growth in all treatments. Usami et al. 
(2001) found a positive interaction of both a +3°C and a +5°C increment with 
[CO2] on growth in Quercus myrsinaefolia. Wertin et al. (2011) applied a constant 
+6°C temperature increase to Quercus rubra seedlings grown for a growing season 
in elevated [CO2] and found a significant reduction of biomass, suggesting that the 
+6°C and +12°C heat waves imposed in this study caused less stress than a 
constant elevation in temperature, which again emphasises that the response to heat 
waves and to constant elevations in temperature are different. 
 Naudts et al. (2011) observed that higher ambient temperatures increased 
grassland biomass under well watered conditions, but decreased it under droughted 
conditions. In our study low soil moisture conditions led to lower biomass 
production in all combinations of temperature and [CO2], but did not have 
significant interactive effects with those factors. In other words, soil moisture had a 
large effect on growth, but the relative effect of a temperature and CO2 treatment 
combination on growth was consistent in both high and low soil water conditions. 
 On the first day of the heat wave, we observed a significant decline in 
afternoon Anet in the THW12 treatment which remained evident throughout the heat 
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Figure 3.6  Mean (+ S.E.) stomatal conductance (gs) and transpiration (E) of Q. rubra seedlings 
during a +6°C heat wave (THW6) or a +12°C heat wave (THW12). Values are averages before a week 
long heat wave in August 2010 (Before), after the heat wave (After), and on the first (Day 1) and the 
last day (Day 7) of the heat wave. Significant differences (P < 0.05) with a treatment's average before 
the heat wave is depicted by an asterisk *. A significant difference between the first and the last day 
of the heat wave is depicted by a hash tag #. Control treatments of ambient temperature (TA0) and 
ambient +3°C (TA3) are noted by circles. 
 
 
wave. Similar results were reported for Larrea tridentata when exposed to nine 
days of extreme heat (Hamerlynck et al., 2000). We did not observe an initial 
decline in the THW6 treatment, which may indicate that the plants may have been 
able to acclimate to the regular cycles of a +6°C increase in temperature, or that 
this elevation in temperature did not exceed the photosynthetic temperature 
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optimum. The behaviour of the THW6 and THW12 treatments in this study was the 
same as that of analogous treatments in a parallel study on Pinus taeda (Ameye et 
al., 2012). Thermal acclimation of photosynthesis is not commonly observed in 
tree species (Ow et al., 2008), but has been reported in Quercus rubra and four 
other deciduous tree species (Gunderson et al, 2009), as well as Larix decidua 
(Tranquillini et al., 1986), Picea mariana (Way and Sage, 2008) and Meconopsis 
horridula (Zhang, 2010). However, photosynthetic temperature acclimation was 
not observed in a different study of Quercus rubra grown in constant elevated 
temperature conditions (Wertin et al., 2011).  
 Elevated [CO2] substantially increased Anet before, during and after the heat 
wave compared to plants in ambient [CO2]. This compensated for heat wave 
induced reductions in Anet. Elevated [CO2] reduces photorespiration and thus 
limitations of the electron transport chain (von Caemmerer, 2000), which restrains 
Anet at very high temperatures (Sage & Kubien, 2007). This has also been observed 
in Quercus mongolica (Wang et al., 2008) and several crop species (Taub et al., 
2000).  
 There was a strong effect of water availability on gas exchange, especially 
on gs, as well as water, temperature and CO2 interactions on Anet and gs. Trees 
grown under lower soil moisture and exposed to the +12
o
C heat wave had severely 
reduced Anet in the afternoon, but in the morning they were able to maintain equal 
or even greater mean Anet values to those measured before the heat wave, and 
comparable morning Anet values to well-watered plants. This was particularly 
apparent in the elevated [CO2] treatment. The high values of Anet and gs in the low 
water treatment during the heat wave contrasts with the results from desert species 
subjected to a heat wave (Hamerlynck et al., 2000). However, there have been 
other reports of increasing values of gs with rising temperature (Albert et al., 2011; 
Jin et al., 2011), and empirical indications exist that this increase might be greater 
under elevated [CO2] (Allen et al., 2003). The high morning gs values in plants 
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exposed to the heat wave were particularly evident in the low soil water treatment 
and may have been an attempt to evaporatively cool the leaves through 
transpiration (Heath, 1998; Salvucci & Crafts-Brandner, 2004). This was further 
supported by our transpiration data, which followed the same pattern as gs during 
the heat wave, and we observed that the plants were able to achieve positive 
photosynthetic rates at leaf temperatures up to 50°C. Ghouil et al. (2003) also 
reported a drought induced rise in Quercus suber thermostability, though only in 
the short term. 
 In conclusion, we demonstrated that extreme heat events can affect growth 
and leaf gas exchange differently than a constant increase in temperature even if 
both regimes have the same overall average temperature and total heat sum. This 
suggests that knowledge of the response of plants to a constant elevated 
temperature may not be sufficient for predicting plant responses to future 
conditions if extreme temperature events such as heat waves continue to increase in 
frequency and intensity. We also observed that elevated [CO2] has the potential to 
mitigate the effects of heat waves and elevated temperature effects on growth and 
gas exchange in general. On the basis of this experiment, one could expect that a 
combination of elevated [CO2] and increased frequency of more severe heat waves 
will increase tree seedling growth beyond that of today. We might also expect this 
to occur under reduced soil water availability (when compared with reduced soil 
water availability today). Water availability will remain a crucial factor in 
determining plant growth and physiological activity in future climate conditions as 
it is now. 
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Abstract 
Heat wave frequency and intensity are predicted to increase. We investigated the 
effect of a +12°C summer heat wave on plant photosynthetic capacity, and whether 
repeated heat waves would have any long-term impact. Additionally, we tested the 
potential mitigating effect of elevated [CO2] and exacerbating effect of drought 
stress on leaf gas exchange physiology, since previously reported data highlighted 
the crucial role of evaporative energy dissipation. We measured Chl-a fluo and 
calculated Rubisco catalytic properties of leaves of Quercus rubra seedlings grown 
in ambient [CO2] (CA) or elevated [CO2] (CE) (380 or 700 mol CO2 mol
-1
), two 
temperature treatments (ambient (TA0), and a weeklong +12C heat wave every 
fourth week (THW12)) and two soil moisture treatments (51% (field capacity) or 
30% v/v). Measurements were performed during the fourth +12°C heat wave 
(August 2010). The +12°C heat wave reduced PSII efficiency (-43%) and 
photochemical quenching (-36%) of THW12 seedlings in CA but not in CE. Low soil 
moisture did not exacerbate this response. Instead, it eliminated the difference of 
both PSII efficiency and photochemical quenching between TA0 and THW12. During 
the +12°C heat wave, relative photorespiration (= photorespiration/total carbon 
assimilation) dropped (-22%), increasing net photosynthesis (+37%) in CA but not 
in CE. After the +12°C heat wave, relative mitochondrial respiration increased 
(+128% in CA; +42% in CE), reducing both photorespiration (-30% in CA; -22% in 
CE) and net photosynthesis (-9% in CA; -4% in CE), suggesting increased 
maintenance activity to repair putative damage sustained during the heat wave. 
Rubisco specificity was significantly different between TA0 and THW12. We 
conclude that the seedlings were able to show remarkable photosynthetic resilience 
through a combination of evaporative energy dissipation during the heat wave and 
enhanced mitochondrial respiration after it. 
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4.1 Introduction 
Climate extremes and heat waves in particular are garnering scientific interest 
(Chapter 1) as the number of extreme weather events has increased over the past 
decades (Rahmstorf & Coumou, 2011; Coumou & Rahmstorf, 2012). In western 
Europe, the length of summer heat waves doubled and the frequency of hot days 
tripled in recent years compared with the early 20th century (Della-Marta et al. 
2007). Similarly, the number of summer heat waves in the eastern United States 
increased by 20% from 1949 to 1995 (Gaffen & Ross, 1998), and the number of 
heat events longer than 10 days significantly increased in many regions in Pakistan 
from 1961 to 2009 (Zahid & Rasul, 2012). This trend is considered very likely to 
continue in this century and is closely linked to the predicted change in global 
climate (Lynn et al., 2007; Diffenbaugh & Ashfaq, 2010). 
 Heat waves are expected to have, and may already have had significant 
negative impacts on crop productivity and natural ecosystems (IPCC, 2007), 
including forests. The severe 2003 heat wave, for example, resulted in a 30% 
decrease in gross primary productivity in forests across Western Europe (Ciais et 
al., 2005; Bertini et al., 2011). These and related studies (see also Reichstein et al., 
2007; Xu et al., 2012) rely on post-hoc assessment of heat wave effects on 
vegetation and do not include measurements of plant response during a heat wave. 
Hamerlynck et al. (2000) were the first to study the effect of a heat wave on foliar 
gas exchange and chlorophyll a fluorescence (Chl-a fluo) under controlled 
conditions, and examined interactive effects of elevated [CO2] and drought during 
the heat wave. They found that elevated [CO2] protected photosynthetic activity 
and capacity during the heat wave, while drought exacerbated negative effects. In 
Chapters 3 and 5 we investigate repeated heat waves and the exacerbating effects 
of drought, and provide evidence that heat waves affected plant functioning 
differently than a constant temperature increase with an equivalent heat sum. 
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 Heat stress has often been studied in relation to its impact on Chl-a fluo 
because it is a valid proxy for photosynthetic capacity, and can be easily measured 
(Murchie & Lawson, 2013). At temperatures below the photosynthetic optimum 
(<35°C), and under constant actinic light intensity, steady state Chl-a fluo (Fs) 
decreases with rising temperature due to increased metabolic activity (Krause & 
Weis, 1991). This decrease will in turn lead to greater quantum yield of PSII 
(PSII), as more light energy can be directed towards photochemistry (Genty et al., 
1989). Moderate heat stress above 35°C inhibits CO2 uptake rate but might not 
influence PSII, as photorespiration will become a more important electron sink 
(Maxwell & Johnson, 2000; Bauweraerts et al., 2014b). If temperatures increase 
further (>45°C), heat stress amplifies Fs and increases minimum and maximum 
levels (F0 and Fm) through changes in the electron transport chain, such as inhibited 
quinone reoxidation (Kouril et al., 2004). These changes reduce both PSII and the 
maximum PSII efficiency (Fv/Fm) (Al-Khatib & Paulsen, 1989). The thylakoid 
membrane can also lose structural stability (Armond et al., 1978) and become 
permeable to protons (Bukhov et al., 1999), reducing the proton gradient and 
photochemical quenching (qP), as well as a large amount of non-photochemical 
quenching (qN) (Rohaçek, 2002). This effect might lead to increased formation of 
free radicals, which can induce permanent damage to the photosynthetic apparatus 
(Sage & Kubien, 2007). Such damage might occur by prolonging the duration of 
heat exposure (Hüve et al., 2011) or increasing heat intensity (Sinsawat et al., 
2004). 
 Ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39, Rubisco) 
behaviour and activation state under increasing heat stress can also be studied by 
looking at the distinct electron fluxes going to its two main functions, 
carboxylation and oxygenation (Andersson & Backlund, 2008). The balance 
between the two functions can be quantified by the CO2/O2 specificity factor (S), 
which is defined as the ratio of each molecule's Michaelis constant multiplied by its 
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maximal velocity (Laing et al., 1974). In other words, S equals the ratio of Rubisco 
specificity for CO2 relative to its specificity for O2. Rubisco S declines with rising 
temperature (Jordan & Ogren, 1984). This decline is attributed to a rise in 
photorespiration (Brooks & Farquhar, 1985; Spreitzer & Salvucci, 2002). The 
preference towards photorespiration with increasing temperature is further 
enhanced by the decreasing solubility of CO2 relative to O2 with rising temperature. 
Past research has found that Rubisco purified from leaves grown at higher 
temperatures (30°C compared to 15°C) showed higher S values at high 
temperatures (S = 60 at 45°C) than Rubisco from leaves grown at low temperature 
(S = 45 at 45°C), suggesting that Rubisco S has the potential to acclimate to higher 
ambient temperatures (Yamori et al., 2006). 
 Here, we report on Chl-a fluo of Quercus rubra seedlings during a +12°C 
summer heat wave. Atmospheric [CO2] and soil moisture are considered potential 
interacting factors in the response of plants to heat stress in the context of climate 
change (Houghton et al., 2001; Roy et al., 2012). Observations will be discussed 
based on our initial hypotheses: (1) during the heat wave, seedlings will show 
reduced PSII (in both light and dark conditions), qP, and Rubisco S, compared with 
the same seedlings before the heat wave; (2) before and after the heat wave, PSII, 
qP, and Rubisco S will be lower in the heat wave treatment than in the control 
treatment; (3) elevated [CO2] will mitigate effects of heat waves, while low soil 
moisture will exacerbate these effects during and after the heat wave. 
 
4.2 Materials and methods 
The following section is an abbreviated version of the experiment's materials and 
methods. The complete description is given in Chapter 2. Also note that Appendix 
A provides a short introduction about Chl-a fluo methodology. 
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4.2.1 Experimental setup 
Chamber treatments consisted of two factors: atmospheric [CO2] (ambient (CA, 380 
mol CO2 mol
-1
) or elevated (CE, 700 mol CO2 mol
-1
)) and temperature (ambient 
(TA0), or a heat wave elevating ambient by 12°C every four weeks (THW12)). Each 
of these four [CO2] × temperature treatment combinations was assigned to one of 
eight treatment chambers, in which thirty seedlings of Quercus rubra L. were 
placed. Per chamber, 15 seedlings were given plenty of water (WH), while the other 
15 seedlings were poorly watered (WL). Seedlings were planted in December 2009, 
and treatments started in May 2010. 
 
4.2.2 Foliar chlorophyll a fluorescence measurements 
Measurements were made prior to, during, and after one midsummer heat wave 
treatment period. Measurements were conducted twice per day (09:00 and 15:00 
hours) on four randomly selected seedlings from each of the sixteen treatment 
combinations (2 [CO2] × 4 temperature × 2 water treatments). This was done on 
nine days: two days before the start of the heat wave (18 and 19 August), four days 
during the heat wave (20, 23, 24 and 26 August) and three days after the heat wave 
(27, 29 and 31 August). Measurements were performed on sunny or mostly sunny 
days. All measurements were conducted on foliage from the most recent fully 
developed flush. 
 
4.2.3 Dark-adapted measurements 
On one day in the week before, during and after the heat wave period (respectively 
17, 25 and 30 August), the same four seedlings from each treatment chamber were 
transported, before dawn, approximately 100 m to darkened walk-in growth 
chambers, watered to saturation by hand, and allowed to acclimate for at least 40 
minutes to initial chamber conditions: 35C and 50% relative humidity. Dark 
respiration (Rd) and dark-adapted Chl-a fluo (F0 before and Fm after a 1 sec 
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saturating light flash) were measured on all seedlings. These measurements were 
not performed on the same day as light measurements because mechanical 
perturbation during transport would have likely influenced phloem translocation, 
photosynthetic activity, and stomatal conductance (Pickard et al., 1993). 
 
4.2.4 Calculation of Rubisco properties 
Electron fluxes associated with Rubisco activity and the CO2/O2 specificity factor 
of Rubisco (S) were calculated as described by Valentini et al. (1995). 
Photorespiration rate (Ri) and the electron fluxes for carboxylative and oxygenative 
reactions of Rubisco (Jc and Jo, respectively) were calculated from net 
photosynthesis (Anet), mitochondrial respiration (Rm), and total electron transport 
rate (JT) (equivalent to ETR). Rubisco S was then calculated as [Jc/Jo]/[cc/co]: cc is 
the mole fraction of CO2, and co the mole fraction of O2 at the 
carboxylation/oxygenation site in the chloroplastic stroma. Rm was calculated from 
Rd using a temperature dependent Q10 relation. Anet and JT (= ETR) were taken 
from measurements performed the next day for 17 August, and the previous day for 
25 and 30 August. 
 
4.3 Results 
4.3.1 Light-acclimated chlorophyll a fluorescence 
There was a significant interaction among [CO2], temperature, and water 
treatments on effective quantum yield of PSII (PSII) (Table 4.1). In ambient [CO2], 
under both WH and WL, seedlings in the THW12 treatment had the lowest PSII 
values of all treatments (0.03 ± 0.00), except on the first measurement day prior to 
the heat wave (Fig. 4.1). In addition, PSII in THW12 in ambient [CO2] under both 
water treatments was 12% lower during the heat wave compared with before and 
after. In elevated [CO2], THW12 had a similar temporal PSII profile as TA0. In the 
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CEWH treatment, TA0 had higher PSII than THW12 (+27%, P < 0.001), but in the 
CEWL treatment, THW12 had higher PSII than TA0 (+23%, P = 0.027). In fact, the 
low water treatment did not change PSII of THW12 in either [CO2] treatment, while 
it decreased PSII of TA0, especially in the CE treatment (-36%, P < 0.001). 
 
 
Figure 4.1  Mean (± S.E.) PSII quantum yield (PSII) and photochemical quenching (qP) of Q. rubra 
seedlings grown under two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2 mol
-1, two 
temperature treatments: ambient (TA0), and a +12°C heat wave (THW12), and two water treatments: 
high (WH) and low (WL). Values are daily averages of measurements performed at 9:00 and 15:00 
hours on four seedlings per [CO2] × temperature × water treatment. 
 
 Photochemical quenching (qP) was significantly affected by a [CO2] × 
water interaction, and a temperature × water interaction (Table 4.1). The low water 
treatment had no effect on qP of THW12, but it decreased qP of TA0 with 30% (P < 
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0.001). As a result, qP of TA0 was lower than that of THW12 in WL, while qP of TA0 
was 20% (P = 0.028) higher than that of THW12 in WH. Lastly, water treatment had 
no effect in CA, but CEWL significantly reduced qP compared with CEWH (-22%, P 
< 0.001). 
 There was a significant interaction between [CO2] and water on light-
acclimated PSII efficiency (Fv'/Fm') (Table 4.1); elevated [CO2] stimulated Fv'/Fm' 
in WL (+20%, P = 0.008) but not in WH. There was no temperature effect on 
Fv'/Fm'; both temperature treatments had very similar Fv'/Fm' on most measurement 
days, except on the first day during the heat wave in the CA treatment in both water 
treatments (data not shown; Fv'/Fm' can be calculated as the ratio of PSII to qP). In 
CAWH, Fv'/Fm' dropped in THW12 (-23%, P < 0.001) on the first measurement day 
during the heat wave, whereas in TA0, Fv'/Fm' showed an increase. In THW12, Fv'/Fm' 
increased as the heat wave progressed, and matched that in TA0 again by the fourth 
measurement day of the heat wave. In CAWL, the reduction in Fv'/Fm' in THW12 was 
greater (-27%, P < 0.001), and Fv'/Fm' was still lower compared with TA0 on the 
fourth measurement day of the heat wave. 
 
4.3.2 Dark-acclimated chlorophyll a fluorescence and dark respiration 
Maximum efficiency of PSII (Fv/Fm) was significantly affected by [CO2] × 
temperature, and water × temperature interactions (Table 4.1). Seedlings in the CE 
treatment had slightly reduced Fv/Fm (-2%: P = 0.023) compared with seedlings in 
the CA treatment, and Fv/Fm in TA0 was significantly lower in CEWL compared with 
CEWH (-4%, P = 0.047). Fv/Fm showed little variation with time, fluctuating around 
0.80 most of the time. This effect was not different among temperature treatments, 
aside from TA0, which was lower in CEWL (0.76 ± 0.01). 
 Only [CO2] had a significant effect on dark respiration (Rd), and there were 
no significant interactions among fixed factors (Table 4.1). Seedlings in both 
temperature treatments showed similar Rd before the heat wave, but after the heat 
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wave, Rd was higher (+50% across [CO2] treatments, P < 0.001) in the THW12 
treatment compared with the TA0 treatment (Fig. 4.2). 
 
 
Figure 4.2  Mean (± S.E.) maximum PSII efficiency (Fv/Fm) and dark respiration (Rd) of Q. rubra 
seedlings grown under two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2 mol
-1, two 
temperature treatments: ambient (TA0), and a +12°C heat wave (THW12), and two water treatments: 
high (WH) and low (WL). Measurements were performed before dawn on four seedlings per [CO2] × 
temperature × water treatment. 
 
4.3.3 Rubisco specificity and electron fluxes 
There was a significant interaction among [CO2] × temperature × water factors on 
carboxylation electron flux (JC) (Table 4.1). In the CA treatment, there was no 
difference in JC between water treatments in either TA0 or THW12 (Fig. 4.3). In the 
CE treatment, the effect of water treatment on JC differed between TA0 and THW12. In 
CETHW12, JC was 10% (P = 0.042) higher in WL than in WH, but in CETA0, JC was 
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27% (P < 0.001) higher in WH than in WL. Overall, elevated [CO2] had a distinct 
stimulating effect on JC (+177% across temperature and water treatments, P < 
0.001). 
 
 
Figure 4.3  Mean (± S.E.) carboxylative (JC) and oxygenative (JO) electron fluxes of Rubisco 
activity of Q. rubra seedlings grown under two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2 
mol-1, two temperature treatments: ambient (TA0), and a +12°C heat wave (THW12), and two water 
treatments: high (WH) and low (WL). Values calculated from predawn measurements on 17, 25, and 
30 August paired with daytime measurements on 18, 24 and 29 August, respectively. 
 
 There also was a significant interactive effect among [CO2] × temperature 
× water factors on JO (Table 4.1). In the CA treatment, there was no difference in JO 
between treatments in either TA0 or THW12 (Fig. 4.3). CETHW12 had higher JO in WL 
than in WH (+17%, P = 0.035), while CETA0 had higher JO in WH than in WL (+25, 
P = 0.014). In the CA treatment, THW12 JO was significantly higher on the first day 
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than on the other days for both TA0 and THW12. Note that this value was calculated 
using the same seedlings' PSII on the first measurement day (Fig. 4.1), which also 
was significantly higher. 
 Rubisco S was affected by the [CO2] treatment (Table 4.1), and it was 78% 
(P < 0.001) higher in CA than in CE, when averaged across temperature and water 
treatments (Fig. 4.4). There was also a significant temperature × water interaction 
on Rubisco S (Table 4.1). In TA0, S was not affected by water treatment, but in 
THW12, the WL treatment had a 10% higher S (averaged across [CO2] treatments, P 
= 0.049) compared with WH (Fig. 4.4). 
 The relative carboxylative electron flux (JC/Jtot) was significantly affected 
by a [CO2] × temperature, and a temperature × water treatment interaction (Table 
4.1). Averaged across water treatments, elevated [CO2] had no effect on JC/Jtot in 
TA0, but it increased JC/Jtot in THW12 (+10%, P < 0.001; Fig. 4.4). In fact, JC/Jtot in 
CETHW12 was equal to that in CATA0 and CETA0. Averaged across [CO2] treatments, 
there was no difference in JC/Jtot between TA0 and THW12 in the WL treatment, while 
in the WH treatment JC/Jtot was 9% (P < 0.001) higher in TA0 than in THW12 (Fig. 
4.4). The relative oxygenative electron flux (JO/Jtot) was logically affected by the 
same factors, as both fluxes are complementary. 
 The ratio of photorespiration to total assimilation rate (Ri/Atot) was affected 
by an interaction between [CO2] and temperature treatments (Table 4.1). In CA, 
Ri/Atot was 27% (P < 0.001) higher in THW12 than in TA0, but Ri/Atot in CE was equal 
in both temperature treatments (Fig. 4.5). On the first measurement day, Ri/Atot in 
CATHW12 was significantly higher than on other days, and this is likely linked to the 
same seedlings' PSII (Fig. 4.1) and JO (Fig. 4.3) on this day. In all [CO2] × 
temperature combinations, seedlings in WL had higher Ri/Atot than seedlings in WH 
(+9% averaged across all measurement days, P = 0.011). 
 A significant interaction between water and temperature treatments 
affected Anet/Atot (Table 4.1). In WH, Anet/Atot was 21% (averaged across [CO2] 
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treatments, P < 0.001) higher in TA0 than in THW12, while there was no such 
difference in WL (Fig. 4.5). In addition, there was also a significant interaction 
between [CO2] and temperature treatments which affected Anet/Atot. In CA, Anet/Atot 
was 25% (averaged across water treatments, P = 0.007) higher in TA0 than in THW12. 
In CE, there was no difference between the temperature treatments. 
 
 
Figure 4.4  Mean (± S.E.) relative carboxylative (JC/Jtot) and oxygenative (JO/Jtot) electron fluxes, 
and Rubisco CO2/O2 specificity (S) of Q. rubra seedlings grown under two [CO2] treatments: 380 
(CA) and 700 (CE) mol CO2 mol
-1, two temperature treatments: ambient (TA0), and a +12°C heat 
wave (THW12), and two water treatments: high (WH) and low (WL). Values calculated from predawn 
measurements on 17, 25, and 30 August and measurements on 18, 24 and 29 August, respectively. 
 
 Lastly, the ratio of mitochondrial respiration to total assimilation rate 
(Rm/Atot) was not significantly affected by any treatment combination when 
averaged across all measurement days (Table 4.1). However, when analysed day by 
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day, the data showed that Rm/Atot in THW12 was significantly higher (+50% averaged 
across [CO2] × water treatments; P = 0.002) than in TA0 on the final measurement 
day, after the heat wave (Fig. 4.5). This difference was largest in the WH treatment. 
 
4.4 Discussion 
The photosynthetic apparatus of Q. rubra seedlings suffered no permanent damage 
during a heat wave in which seedlings were exposed to temperatures >50°C (TW12), 
even when this heat wave was combined with low soil moisture conditions. When 
atmospheric [CO2] was 700 mol CO2 mol
-1
,
 
compared with 380 mol CO2 mol
-1
, 
the seedlings often showed no signs of even temporary damage or inhibition. 
Conversely, low soil moisture induced stress in the control treatment (TA0) to an 
extent that its photosynthetic parameters were similar to the heat wave treatment 
(THW12). Additionally, nearly all measured and calculated parameters were 
influenced by interactions of treatment effects, rather than just the single effects 
themselves, supporting the prevailing opinion that climate change components 
need to be studied in unison (Norby & Luo, 2004; Smith, 2011). 
 Our first hypothesis was that the +12°C heat wave would reduce 
photosynthetic efficiency and Rubisco S. This hypothesis was supported for 
photosynthetic efficiency, but not for Rubisco S. Our second hypothesis was that 
the THW12 treatment would have the lowest photosynthetic efficiency and Rubisco 
S, even in periods between the heat waves, and this was partly supported. In CAWH, 
PSII and qP values were lower during the heat wave compared with before the heat 
wave in THW12. It appeared that photorespiration was reduced during the heat wave, 
as Ri/Atot but not Anet/Atot dropped in THW12 seedlings, which was also observed by 
Ameye et al. (2012). The rise in Rm/Atot in THW12 seedlings after the heat wave 
furthermore suggests that additional energy was invested in maintenance 
respiration, either to recover from incurred damage or to prepare for future heat 
events. We saw no change in Fv/Fm during or after the heat wave, and values were 
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equal among temperature treatments. Hamerlynck et al. (2000) found a gradual 
decrease in Fv/Fm in Larrea tridentata at the start of a nine-day heat event, but 
Fv/Fm recovered near the end of the event, and was similar to values before the 
event during a recovery period. 
 
 
Figure 4.5  Mean (± S.E.) photorespiration (Ri), mitochondrial respiration (Rm) and net 
photosynthesis (Anet), relative to total carbon assimilation (Atot), of Q. rubra seedlings grown under 
two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2 mol
-1, two temperature treatments: ambient 
(TA0), and a +12°C heat wave (THW12), and two water treatments: high (WH) and low (WL). Values 
calculated from predawn measurements on 17, 25, and 30 August paired with daytime measurements 
on 18, 24 and 29 August, respectively. 
 
 We did not see a heat wave effect on S in THW12 compared with TA0, which 
contrasts with the behaviour of S described in literature. It has been shown that S 
declines with temperature, both in vitro (Zhu et al., 1998; Yamori et al., 2006) and 
in vivo (Jordan & Ogren, 1984; Valentini et al., 1995), so the 12°C rise in 
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temperature should have decreased S progressively during the heat wave. Hüve et 
al. (2011) showed that irreversible photosynthetic damage becomes more probable 
as the duration of a heat event increases, even when this event exposes the 
photosynthetic apparatus to lower temperatures than a shorter but more intense one. 
Since we did not observe a clear drop in S, this would suggest some measure of 
acclimation of S to high temperature. Since these data were collected during the 
fourth +12°C heat wave the THW12 seedlings experienced, acclimation could be a 
plausible explanation. Yamori et al. (2006) showed that a small difference in 
growth temperature yielded a difference in S thermotolerance, so it is possible that 
a larger difference in growth temperature might result in more thermotolerance of 
S. Therefore, since we repeatedly exposed the THW12 seedlings to a large increase in 
temperature, the possibility that they had developed greater thermotolerance 
becomes more likely. Increased thermotolerance of the photosynthetic apparatus 
after exposure to high temperatures has been shown in Q. rubra (Bauweraerts et 
al., 2014a) and several other tree species (Teskey et al., 2014). The accuracy of 
estimating S using gas exchange data has been disputed, the most important reason 
being the difficulty in correctly estimating cc (Li et al., 2003). We furthermore 
assumed mesophyll conductance to be equal, which could have been a source of 
error when comparing among water or temperature treatments (Flexas et al., 2012). 
Nonetheless, our data show little variation and are consistent with values found in 
literature for higher plants (e.g. 87 in Hordeum vulgare, Viil et al., 2012; 60-120 in 
Quercus cerris, Valentini et al., 1995; 95 in Betula pendula, Eichelmann et al., 
2004; values were determined at 15-35°C). 
 Supporting our third hypothesis, elevated [CO2] mitigated short-term heat 
stress (during the heat wave) and prevented permanent damage. Elevated [CO2] 
increased PSII, qP and Fv'/Fm', and eliminated differences among temperature 
treatments. It furthermore increased Anet/Atot and decreased Ri/Atot. Equal or similar 
PSII values indicate that photosynthetic electron transport was maintained during 
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the heat wave (Ainsworth & Rogers, 2007). Ameye et al. (2012) also found a 
stimulation of Fv'/Fm' and a mitigation of heat-induced decline in PSII in Q. rubra 
seedlings grown in elevated [CO2]. Chen et al. (1999) reported increases in PSII 
(+18%) and qP (+10%) in Solanum muricatum when grown under 700 compared 
with 350 ppm CO2. Increased Anet relative to Ri is a general response in C3 plants 
grown in elevated [CO2], and can be explained by the increased availability of CO2 
relative to O2 at the active Rubisco site (Ainsworth & Rogers, 2007). This response 
is therefore absent in C4 plants, which actively concentrate [CO2] (Sage, 2004). We 
also observed a slight decrease in S in elevated [CO2] compared to ambient [CO2]. 
Eichelmann et al. (2004) found no such difference in S between ambient [CO2] and 
double-ambient [CO2] in two clones of Betula pendula. The decrease in S in our 
study could possibly be linked to photosynthetic down-regulation, which is often 
observed in elevated [CO2] conditions (Saxe et al., 1998). Additionally, most 
studies link photosynthetic down-regulation to reduced sink capacity and 
subsequent reduction in Rubisco content (Ainsworth & Rogers, 2007). On the other 
hand, a decrease in Rubisco content is usually linked to a depletion of available soil 
N (Bassirirad et al., 2001), which was not a factor in our well-fertilised seedlings. 
 Low soil moisture did not exacerbate differences between temperature 
treatments in most Chl-a fluo -based parameters as we expected. Instead, it would 
seem that low soil moisture reduced photosynthetic parameters in the TA0 treatment 
to the same level as those of THW12 in the high water treatment, and these 
parameters in THW12 were not additionally impacted by drought. Conversely, 
Qaderi et al. (2006) observed that drought stress exacerbated the decrease of PSII 
and Fv/Fm, as a consequence of a +6°C increase in growth temperature, in Brassica 
napus plants. However, growth temperature remained below 28°C in their 
experiment, which is well below the maximum temperature of 41°C in TA0 and 
53°C in TW12 in our experiment. A possible explanation for the difference in 
responses could be that an acclimation mechanism, in response to either drought or 
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high temperature conditions in our experiment, simultaneously imposed a level of 
tolerance to the other stress (either drought or very high temperature). Lu & Zhang 
(1999) subjected Tritium aestivum seedlings to temperatures up to 45°C, and 
reported that drought-stressed seedlings had higher PSII, Fv'/Fm' and qP compared 
with well-watered seedlings, and that this difference increased with higher 
temperature. Such a finding was also reported for dark-adapted Fv/Fm in Cedrus 
atlantica and C. libani (Epron, 1997). Lu & Zhang (1999) suggested that soluble 
compounds found in drought-stressed leaves (Seeman et al., 1986) enhanced 
thylakoid thermoresistance, but also suggested that drought-stressed leaves may 
simply encounter higher leaf temperatures, due to reduced potential for evaporative 
cooling. Protracted drought stress and high temperatures, generally involving high 
VPD, can also lead to carbon starvation when stomata close (Schymanski et al., 
2013; Adams et al., 2009). Carbon starvation did not likely occur in this 
experiment, as Bauweraerts et al. (2013) observed that Anet, stomatal conductance, 
and transpiration of Q. rubra seedlings increased significantly under both high and 
low soil moisture conditions (up to 32% and 95%, respectively) at the start of a 
+12°C heat wave, even though VPD was as high as 6.5 kPa. They concluded that 
increased stomatal conductance simultaneously resulted in evaporative cooling and 
Anet values which were higher than prior to the heat wave. It was not possible to 
determine from those measurements whether the need for evaporative cooling 
allowed greater carbon assimilation, or the need for carbon allowed greater 
transpiration. 
 In our experiment, Rubisco S was not affected by low soil moisture, while 
many studies report increased S under drought conditions (Delgado et al., 1995; 
Warren et al., 2004; Galmes et al., 2005; Galmes et al., 2006). The prevailing 
hypothesis for this effect is that plants in arid environments tend to have lower 
stomatal conductance, which consequently reduces Ci and necessitates higher S to 
achieve sufficient Anet. In our study, Ci was significantly lower in WL (data not 
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shown), but since they also had lower Anet (Bauweraerts et al., 2013), our 
calculations did not yield higher S values than in WH.  
 In conclusion, our results indicate that Q. rubra seedlings can have 
remarkable resilience to heat waves even under low soil moisture. While 
photosynthetic efficiency parameters dropped during a +12°C heat wave, net 
photosynthesis remained positive at temperatures up to 53°C. After the heat wave, 
mitochondrial respiration increased significantly compared with its value before 
and during the heat wave, suggesting increased maintenance activity to repair 
putative damage sustained during the heat wave. In addition, most negative effects 
caused by the heat wave were mitigated by elevated atmospheric [CO2]. Coupled 
with biomass results from Chapter 3, these findings indicate that Q. rubra 
possesses the capacity to deal with increasingly common heat and drought spells. If 
other temperate tree species have the same capacity as Q. rubra,  these species may 
have an advantage in the future climate and could become more abundant than they 
are now. This report also highlights the importance of studying the different 
constituents of climate change in unison. 
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Abstract 
Here, we investigated the effect of different heat-wave intensities applied at two 
atmospheric CO2 concentrations ([CO2]) on seedlings of two tree species, loblolly 
pine (Pinus taeda) and northern red oak (Quercus rubra). Seedlings were assigned 
to treatment combinations of two levels of [CO2] (380 or 700 mol mol
-1
) and four 
levels of air temperature (ambient (TA0), ambient +3C (TA3), a weeklong +6C 
heat wave every other week (THW6) and a weeklong +12C heat wave every fourth 
week (THW12)). Treatments were maintained throughout the growing season, thus 
receiving equal heat sums. We measured gas exchange and Chl-a fluo parameters 
before, during and after a mid-summer heat wave. The +12°C heat wave 
significantly reduced net photosynthesis (Anet) in both species and [CO2] treatments 
but this effect was diminished in elevated [CO2]. The decrease in Anet was 
accompanied by a decrease in Fv′/Fm′ in P. taeda and ΦPSII in Q. rubra. Our 
findings suggest that, if soil moisture is adequate, trees will experience negative 
effects in photosynthetic performance only with the occurrence of extreme heat 
waves. As elevated [CO2] diminished these negative effects, the future climate may 
not be as detrimental to plant communities as previously assumed. 
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5.1 Introduction 
Atmospheric carbon dioxide concentration ([CO2]) is rapidly increasing because of 
anthropogenic contributions. According to the fourth assessment report (AR4) of 
the IPCC, [CO2] is expected to reach 700 mol mol
-1
 by the year 2100 (Meehl et 
al., 2006; IPCC, 2007). Models show that, because of the rise in [CO2] and other 
glasshouse gasses, global air temperature is expected to rise by between 1.7°C and 
4.4°C by the end of the 21
st
 century (SRES: A1B) (IPCC, 2007). In addition to the 
rise in air temperature, plants are likely to face an increase in frequency and 
severity of weather extremes, such as heat waves (Meehl & Tebaldi, 2004; Tebaldi 
et al., 2006; IPCC, 2007; Ballester et al., 2010). Although there is no generally 
accepted definition for a heat wave, heat waves have been defined using 
temperature–mortality criteria (Montero et al., 2010) or, more commonly, 
statistical–meteorological criteria (Frich et al., 2002; Meehl & Tebaldi, 2004; 
Meehl et al., 2006; IPCC, 2007; Ballester et al., 2010). A heat wave was defined 
by Frich et al. (2002) and Tebaldi et al. (2006) as at least five consecutive days 
with maximum temperatures at least 5°C higher than the climatological norm of the 
same calendar days. This definition was adopted by the IPCC (2007) and will be 
used here. 
 The individual effects of elevated [CO2] (Ceulemans & Mousseau, 1994; 
Long et al., 2004; Ainsworth & Rogers, 2007) or elevated temperature (Saxe et al., 
2001; Sage & Kubien, 2007) on plant performance have been studied intensively. 
A general conclusion from this research was that a rise in [CO2] or temperature had 
beneficial effects on both photosynthesis and biomass production. For example, 
when [CO2] was doubled, increases in net photosynthesis were reported ranging 
from 43% to 192% in Pinus taeda (Teskey, 1997; Tissue et al., 1997; Ellsworth, 
1999; Wertin et al., 2010; Frenck et al., 2011) and from 30% to 256% in Quercus 
rubra (Kubiske & Pregitzer, 1996; Anderson & Tomlinson, 1998; Cavender-Bares 
et al., 2000). 
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 Generally, an increase in air temperature also has a positive effect on net 
photosynthesis and growth (Sage & Kubien, 2007; Way & Oren, 2010). However, 
most elevated temperature studies have applied a constant increase in air 
temperature, while models predict an increase in extreme heat events, that is, heat 
waves (Ballester et al., 2010). Plant responses to heat waves have received little 
study. De Boeck et al. (2011) reported that the maximum rate of net photosynthesis 
was diminished by summer and autumn heat waves in a well-watered experimental 
plant community containing three perennial herbaceous species (Plantago 
lanceolata, Rumex acetosella and Trifolium repens). The community was able to 
minimise heat stress through transpirational cooling. Heat waves exacerbated the 
negative effect of drought stress. Hamerlynck et al. (2000) observed that in 
ambient [CO2] a heat wave greatly decreased net photosynthesis of Larrea 
tridentata, a desert perennial shrub. However, Dreesen et al. (2012) observed that 
heat waves did not diminish plant photosynthesis in an experimental group of 
annual and biannual plants under well-watered conditions. They suggested that 
annual and biannual species may be less sensitive to heat stress than perennial 
species. 
 Hamilton et al. (2008) and Wang et al. (2008) investigated the interactive 
effect of elevated [CO2] and short-term heat stress on photosynthesis in C3 and C4 
species by imposing a +15°C heat treatment for 4 h in either 370 or 700 mol mol-1 
[CO2]. They showed an increase in thermotolerance under elevated [CO2] in C3 
species, but a decrease in thermotolerance in C4 species. Elevated [CO2] mitigated 
the effect of heat stress in L. tridentata during a 9-d heat wave (Hamerlynck et al., 
2000). In that experiment plants grown at high [CO2] (700 mol mol
-1
) showed less 
negative effects of heat stress during the heat wave, and a faster recovery, than 
plants grown at low [CO2] (360 mol mol
-1
). By contrast, elevated [CO2] (700 
mol mol-1) did not compensate for a decrease in net photosynthesis in Brassica 
napus plants that were subjected to a +5°C heat treatment (Frenck et al., 2011). 
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 These discrepancies in literature illustrate that more research is needed on 
the interaction between [CO2] and heat-wave stress in plants, in particular for 
seedlings as the regeneration of species is dependent on seedling survival and tree 
seedlings tend to be very sensitive to environmental stresses (Gazol & Ibanez, 
2010; Becerra & Bustamante, 2011). The objective of this study was to determine 
the effect of heat waves on Anet in ambient and elevated atmospheric [CO2] in 
moist soil conditions on seedlings of two co-occurring forest tree species, P. taeda 
and Q. rubra. We hypothesised that: (1) heat waves are detrimental to Anet than a 
constant elevation of air temperature; (2) elevated [CO2] diminishes the negative 
effects of heat stress induced by heat waves; and (3) a deciduous broadleaf tree 
species would be more susceptible to heat stress than an evergreen needle-leaf tree 
species. 
 
5.2 Materials and methods 
The following section is an abbreviated version of the experiment's materials and 
methods. The complete description is given in Chapter 2. 
 
5.2.1 Experimental setup 
Seedlings of two species, a broadleaf (Quercus rubra, SQ) and a coniferous species 
(Pinus taeda, SP) were subjected to the same treatments, at the same time and 
location. Chamber treatments consisted of two factors: atmospheric [CO2] (ambient 
(CA, 380 mol CO2 mol
-1
) or elevated (CE, 700 mol CO2 mol
-1
)) and temperature 
(ambient (TA0), ambient +3°C (TA3), a heat wave elevating ambient by 6°C every 
other week (THW6), and a heat wave elevating ambient by 12°C every four weeks 
(THW12). Each of these eight [CO2] × temperature treatment combinations was 
assigned to one of eight treatment chambers, in which thirty seedlings of each 
species were placed. Seedlings were planted in December 2009, and treatments 
started in May 2010. 
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5.2.2 Species comparison experiment 
Foliar gas exchange and Chl-a fluo parameters were measured during the sixth 
+6°C and third +12°C heat wave from 20 July to 26 July. Both species were 
measured at the same time by using two gas exchange systems. Gas exchange of P. 
taeda was corrected for actual needle area, after determining this area using the 
method described in Fites & Teskey (1988). 
 
Table 5.1 Summary (P-values) of the multivariate repeated measures ANOVA of the effects of 
species, [CO2] treatment, temperature treatment (T) and period (P) on net photosynthesis (Anet), 
stomatal conductance (gs), transpiration (E), maximum quantum yield of light-saturated PSII (Fv′/Fm′) 
and quantum yield of light-saturated PSII (ΦPSII). Factors are species (S; 2 levels: P. taeda and Q. 
rubra), [CO2] (C; 2 levels: 380 and 700 mol CO2 mol
-1), growth temperature (T; 3 levels: ambient, 
ambient +3°C, and ambient +12°C every fourth week), period (P; 3 levels: before, during and after 
the heat wave). Values <0.05 denote significance of the effect, and are presented in bold font. 
 
Effect Anet gs E Fv'/Fm' ΦPSII 
S <0.001 0.140 0.005 <0.001 <0.001 
C <0.001 <0.001 <0.001 0.031 0.110 
S × C 0.340 0.520 0.270 0.001 0.420 
T <0.001 0.270 0.002 <0.001 <0.001 
S × T 0.620 0.890 0.740 <0.001 0.920 
C × T 0.230 0.670 0.890 <0.001 0.081 
S × C × T 0.310 0.630 0.550 0.670 0.088 
P <0.001 <0.001 <0.001 <0.001 <0.001 
S × P <0.001 <0.001 <0.001 <0.001 <0.001 
C × P <0.001 0.560 0.790 0.520 <0.001 
S × C × P 0.003 0.160 0.082 0.008 0.850 
T × P <0.001 0.008 <0.001 <0.001 <0.001 
S × T × P <0.001 0.003 0.008 0.100 0.130 
C × T × P 0.093 0.140 0.210 0.870 0.540 
S × C × T × P 0.001 0.050 0.023 0.450 0.160 
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5.3 Results 
5.3.1 Gas exchange 
Net photosynthesis differed significantly between species and [CO2] treatments and 
among temperature treatments (Table 5.1). Averaged across all treatments Anet was 
13% greater in Q. rubra than in P. taeda (P < 0.05). Average Anet was 78% higher 
in elevated [CO2] compared with ambient [CO2] in Q. rubra seedlings and 79% 
higher in P. taeda seedlings. 
 Net photosynthesis also differed with time, and there were several 
significant interactions with time, species and [CO2] and temperature treatments 
(Table 5.1). Averaged across the three pre-treatment measurements, Anet was 
similar in all temperature treatments within a species and [CO2] treatment 
combination (Table 5.2, Fig. 5.1). In both species, at the start of the heat wave 
there was an immediate decline in Anet in the THW12 treatment. Net photosynthesis 
remained suppressed in P. taeda through the duration of the heat wave and was 
significantly lower (P < 0.05) than the control treatments (TA0, TA3), with the 
exception of SPCETHW12 on Dur1 when compared to TA0. In P. taeda in the elevated 
[CO2] treatment, the decline was not significant on the first day of the heat wave, 
but by the third day Anet had declined by 69% (P < 0.001), compared with the pre-
heat-wave period, and it remained significantly lower (P < 0.05) than the control 
treatments for the rest of the heat-wave period. On the first and third day of the 
heat wave, Anet of Q. rubra seedlings in the THW12 treatment was significantly lower 
(P < 0.05) than the control treatments. On the fifth day, no significant differences 
with both control treatments were found, except for SQCETHW12, compared with TA3 
(P < 0.05). Anet was significantly different from TA0 and TA3 on the last day of the 
heat wave, but this was not the case for SQCETHW12. Anet remained positive 
throughout the heat wave in both species in the THW6 and THW12 treatments with the 
exception of SPCATHW12, where mean Anet was -0.57 mol m
-2
 s
-1
 on the last day of 
the heat treatment (Fig. 5.1). 
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Figure 5.1 Mean (± S.E.) net photosynthesis (Anet, left panels) and transpiration (E, right panels) of P. 
taeda and Q. rubra seedlings grown under [CO2] and temperature treatment combinations. Seedlings 
grown at ambient temperature (TA0) are indicated by green squares and ambient temperature +3°C 
(TA3) by yellow triangles. Seedlings subjected to +6°C heat waves every other week (THW6) are 
indicated by orange circles; seedlings subjected to + 12°C heat waves every fourth week (THW12) are 
indicated by red diamonds. The grey area represents the period during which a heat wave was applied 
to the THW6 and THW12 treatments. 
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Coinciding with slightly cooler temperatures on the fifth day of the heat wave (Day 
85), a transient increase in Anet was observed in SPCATHW12, SPCETHW12 and 
SQCATHW12 that reversed on the last day (Day 87). This result indicates that Anet 
was responding to daily temperatures rather than to an accumulated stress caused 
by the duration of the heat wave. 
 Compared with the pre-heat-wave period, a decline in Anet in Q. rubra 
seedlings in the TA0 and TA3 treatments occurred during the heat-wave period (Fig. 
5.1). In P. taeda no significant changes were observed over time in the TA0 and TA3 
treatments, except in PETA3 on the last day of the heat wave (Table 5.2). No 
significant differences were found in Anet of the THW6 seedlings compared with 
either control treatment (TA0 or TA3) and Anet followed a similar pattern in these 
three treatments before, during and after the heat wave (Fig. 5.1). 
 Net photosynthesis was negatively related to leaf temperature (TL) in both 
species (Fig. 5.2, Table 5.3). A similar decrease in Anet in response to TL was 
observed in both ambient and elevated [CO2] treatments, but Anet was consistently 
higher in elevated [CO2] at any measured TL in both species. The effect of TL on 
Anet was consistent in many of the individual temperature treatments but because 
the different temperature treatments encompass different ranges of TL, differences 
in the slopes of the regression analyses should be interpreted with caution (Fig. 5.2, 
Table 5.3). 
 In ambient [CO2], stomatal conductance (gs), averaged across all 
measurements (before, during and after the heat wave) was 0.11 mol H2O m
-2
 s
-1
 in 
both P. taeda and Q. rubra (Fig. 5.3). It was reduced in elevated [CO2] compared 
with ambient [CO2] by 21% (P = 0.002) in Q. rubra and 14% (P = 0.036) in P. 
taeda (Table 5.1). In Q. rubra there was no effect of TL on gs (Table 5.3). In P. 
taeda there was a small negative effect of increased TL on gs (Fig. 5.2) that was 
significant in all treatment combinations except SPCATHW12, SPCETHW12 and 
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Table 5.2  Mean (S.E.) net photosynthesis (An e t) of P. taeda  and Q. rubra  seedlings grown under [CO 2] and temperature 
treatment combinations before (Pre) a heat wave treatment and percent difference from that value on measurement days 
during (Dur 1–7) and after the heat wave (Aft er 1 and 3).  
 
TA0, ambient temperature; TA3, ambient temperature elevated +3°C; THW6, 6°C heat wave; THW12, 12°C heat wave. Significant differences 
between Dur and Aft measurements and their respective Pre measurement depicted with: *, P < 0.05; ***, P < 0.001. 
Tempenture treatment A.., (!J.lllo1 m-2 s·l) Difference (%) 
Pre Dur! Dur2 Dur3 Dur4 Aft er! After2 
Pinus taeda 
Ambient [C01] 
TAO 7.99 (0.72) -12.74 
-15.21 7.26 2 1.03 -2.68 -22 
TAJ 6.8 (0.47) 4.23 
-17.53 -18.47 -29.83 16.16 -21.59 
THW6 7.6 (0.53) 
-25.28 -24.63 -24.39 -10.66 -9.49 -9.47 
THWI2 6.99 (0.48) -60.12*** -92.34*** -69.93*** -108*** 
-22.28 -29.03 
Elevated [C01] 
TAO 10.24 (0.41) 19.45 -13.2 11.61 5.5 13.28 30.33* 
TAJ 11.9 (0.66) 12.91 8.67 -14.92 -20.89* 0.25 7.22 
THW6 13.07 (1.03) 
-8.39 -34.96*** -14.78 -27.06* -1.72 2.6 
THWI2 11.26 (0.67) 
-11.69 -69.15*** -50.23*** -60.3*** -34.22*** -2.22 
QUDcus rubra 
Ambient [C01] 
TAO 7.9 (0.49) 0.10 -12.22 -23.27 -33.96* -12.27 -8.57 
TAJ 8.75 (0.51) 
-2.71 -23.52 -33.26* -36.86* -16.2 1 -18.63 
THW6 8.16 (0.49) -2.78 
-6.65 -24 -39.76* -6.04 -15.95 
THWI2 8.19 (0.58) -42.04* -83.52*** -47.23*** -73.1 7*** -49.02*** -55.75*** 
Elev-ated [C01] 
TAO 11.76 (0.84) 14.88 4.13 -19.54* -2 1.1 7* 7.19 3.88 
TAJ 12.99 (0.46) 
-6.45 -9.28 -22.28* -32.68*** -6.42 -11.12 
THW6 14.48 (0.55) 4.20 -26.08*** -52.03*** -34.01*** 11.92 23.76* 
THWI2 13.47 (0.83) -54.39*** -42.77*** -48.62 *** -25.2 1* -5.24 -41.39*** 
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Figure 5.2 Net photosynthesis (Anet), stomatal conductance (gs), maximum quantum yield of light 
saturated PSII (Fv′/Fm′) and quantum yield of light-saturated PSII (ΦPSII) of P. taeda and Q. rubra 
seedlings grown under [CO2] and temperature treatment combinations as a function of leaf 
temperature. Seedlings grown at ambient or elevated [CO2] are indicated by circles or squares, 
respectively. Seedlings grown at ambient temperature (TA0) are indicated by green symbols and 
ambient temperature +3°C (TA3) by yellow symbols. Seedlings subjected to +6°C heat waves every 
other week (THW6) are indicated by orange symbols; seedlings subjected to +12°C heat waves every 
fourth week (THW12) are indicated by red symbols. Lines represent linear regressions across all 
temperature treatments at ambient [CO2] (solid) and elevated [CO2] (dotted). 
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SPCATHW6 (Table 5.3). For gs there were few significant interactions among main 
treatment factors and no significant interactions between time and [CO2] or 
temperature treatments and no higher-order interactions with the exception of a 
species × temperature treatment × time interaction (Table 5.1). There was no 
significant relationship between gs and VPD (Table 5.4).  
 Corresponding with higher gs, transpiration was significantly higher in 
ambient compared with elevated [CO2] (P < 0.05) in both species (Fig. 5.1). There 
was a substantial rise in E during the heat wave in the THW6 and THW12 treatments 
(Fig. 5.1) and E was positively related to VPD in all treatment combinations (Table 
5.4). There was also a positive relationship between E and TL (Table 5.3) but the 
effects of VPD and TL on E cannot be separated in this experiment. A positive 
relationship was found between Anet and gs (Fig. 5.4) in both species and all 
treatment combinations except SQCATHW6 and SQCETHW6 (Table 5.4). A steeper 
slope in the relationship between Anet and gs was found under elevated [CO2] 
compared with ambient [CO2]. 
 Quercus rubra seedlings that had not been exposed to previous heat waves 
had statistically similar Anet during a heat wave as seedlings in the THW6 treatment, 
which had been previously subjected to five heat waves (data not shown), 
indicating that there had been no photosynthetic acclimatisation after repeated 
exposure to biweekly heat waves. The same result occurred in P. taeda seedlings, 
but there was an non-significant trend: Anet of P. taeda seedlings that had not been 
previously exposed to +6°C heat waves had 20–31% lower Anet compared to 
seedlings in the THW6 treatment (P = 0.058 and P = 0.15 in ambient and elevated 
[CO2], respectively). 
 In both P. taeda and Q. rubra, reductions in Anet in seedlings grown in 
elevated [CO2] were comparable to, or less than, reductions in Anet in seedlings 
grown in ambient [CO2], indicating that elevated [CO2] diminished the effect of 
heat stress on Anet (Table 5.2). Averaged across the heat-wave period in the THW12  
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Figure 5.3 Mean (± S.E.) stomatal 
conductance (gs) of P. taeda and Q. 
rubra seedlings grown under eight 
[CO2] and temperature treatment 
combinations in the heat wave 
treatment chambers. Seedlings grown 
at ambient temperature (TA0) are 
indicated by green squares and 
ambient temperature +3°C (TA3) by 
yellow triangles. Seedlings subjected 
to +6°C heat waves every other week 
(THW6) are indicated by orange 
circles; seedlings subjected to + 12°C 
heat waves every fourth week (THW12) 
are indicated by red diamonds. The 
VPD in the THW6 and THW12 
treatments is indicated by semi-filled 
circles and diamonds, respectively. 
The grey area represents the period 
during which a heat wave was applied 
to the THW6 and THW12 treatments. 
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treatment, Anet under ambient [CO2] decreased 20% more in Q. rubra and 35% 
more in P. taeda, compared with a decrease under elevated [CO2]. The mitigating 
effect of elevated [CO2] on the response of Anet during the heat wave was greatest 
in SQCETHW12 (Fig. 5.1). In these seedlings, Anet at the beginning of the heat wave 
(Day 81) was substantially lower than Anet of seedlings in the control treatments, 
but by the end of the heat wave (Day 87) Anet was similar among these treatments, 
indicating recovery during the heat wave. 
 
 
Figure 5.4 Net photosynthesis (Anet) of P. taeda and Q. rubra seedlings grown under [CO2] and 
temperature treatment combinations as a function of stomatal conductance (gs). Seedlings grown at 
ambient or elevated [CO2] are indicated by circles or squares, respectively. Seedlings grown at 
ambient temperature (TA0) are indicated by green symbols and ambient temperature +3°C (TA3) by 
yellow symbols. Seedlings subjected to +6°C heat waves every other week (THW6) are indicated by 
orange symbols; seedlings subjected to +12°C heat waves every fourth week (THW12) are indicated by 
red symbols. Lines represent linear regressions across all temperature treatments at ambient [CO2] 
(solid) and elevated [CO2] (dotted). 
 
5.3.2 Chlorophyll a fluorescence 
Before the heat wave there were no significant differences in Fv′/Fm′ or ΦPSII 
between species or among treatment combinations (Fig. 5.5). In Q. rubra seedlings, 
averaged across temperature treatments, Fv′/Fm′ was significantly higher in elevated 
than in ambient [CO2] (P < 0.001). This effect was not observed in P. taeda 
seedlings. With the exception of SQCATHW12, SPCATHW12 and SPCETHW12, Fv′/Fm′ 
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was similar before and during the heat wave in most treatment combinations. In the 
last two treatments a significant reduction (P < 0.01) was observed throughout the 
heat wave. In the SQCATHW12 treatment, Fv′/Fm′ decreased initially during the heat 
wave but by day 5 had returned to values not statistically different from those of 
seedlings in the control treatments. A positive correlation was found between 
Fv′/Fm′ and Anet in the SPCATHW12 and SPCETHW12 treatments (r = 0.74 and r = 0.62, 
respectively). In P. taeda seedlings, Fv′/Fm′, but not ΦPSII, was negatively related to 
TL in both ambient and elevated [CO2] (Fig. 5.2, Table 5.3). In Q. rubra seedlings, 
ΦPSII was negatively related to TL in both ambient and elevated [CO2], but a 
negative relationship between Fv′/Fm′ and TL was only evident in ambient [CO2]. A 
stronger correlation between ΦPSII and Anet for THW12 Q. rubra seedlings in ambient 
[CO2] (r = 0.51) was found, when compared with elevated [CO2] (r = 0.39). 
Consistent with the response of Anet we found a mitigating effect of elevated [CO2] 
on reductions in Fv′/Fm′ and ΦPSII during the heat wave period. There was a more 
severe reduction in Fv′/Fm′ under ambient [CO2] (-42%, P < 0.01) than under 
elevated [CO2] (-34%, P < 0.01) in P. taeda seedlings in the THW12 treatment. In 
addition, a less negative slope in the relationship between Fv′/Fm′ and TL was found 
in SPCETHW12, compared with SPCATHW12 (Table 5.3). This effect of elevated [CO2] 
was also present for the reduction in ΦPSII in SQCATHW12 (-21%, P = 0.04) and 
SQCETHW12 (-16%, P = 0.16). After the heat wave we observed a continuation of the 
inhibition in ΦPSII values for SQCATHW12, which was consistent with the reduction in 
Anet during this period. 
 
5.4 Discussion 
5.4.1 The effect of a heat wave on plant performance 
An immediate and significant decline in Anet was observed in seedlings that were 
subjected to a +12°C heat wave, but not in seedlings subjected to a +6°C heat 
wave. Our first hypothesis, that heat waves would be more detrimental to Anet than  
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Table 5.4  Linear regression analysis of stomatal  conduct ance (g s)  and transpirat ion (E) on vapour pressure defici t  (VPD) and net 
photosynthesis (A n e t) on stomatal  conductance,  maximum quantum yield of l ight -saturated PSII (F v ′ /Fm ′ ) ,  and quantum yield of l ight 
saturated PSII (Φ P S I I).  
 
TA0, ambient temperature; TA3, ambient temperature elevated +3°C; THW6, 6°C heat wave; THW12, 12°C heat wave. Values in bold type represent slopes and P-
values across temperature treatments for each species × [CO2] combination. When slopes are significant across temperature treatments, slopes and P-values are 
shown for individual temperature treatments. Significant P-values are depicted with: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
Independent variabie 
VPD g. Fv'IFm' <J>PSII 
-
Dependent variab ie 
--
Treatment combination g. p E p A net p A net p A net p 
Pinus taeda ambient [C02] 0.67 *** 41 .80 *** 23.34 *** 
TAO 1.45 ••• 41.02 • •• 
TA3 0 .74 • 35.14 • •• 
THW6 1.15 ••• 38.03 • •• 
THW12 0.71 ••• 38.51 .. 37.02 ••• 
Pinus taeda- elevated [C02J 0.77 *** 71 .14 *** 30.14 *** 
TAO 1.41 ••• 47.06 • •• 
TA3 1.60 ... 76.18 • •• 
THW6 1.19 ••• 43.89 • •• 29.65 • • 
THW12 0 .77 ••• 73.96 • •• 24.25 • 
Quercus rubra- ambient [C02] 0.92 *** 41 .90 *** 7.92 ** 67.54 *** 
TAO 1.14 ••• 36.85 • •• 52.35 • •• 
TA3 1.35 ••• 45.11 •• 60.32 ... 
THW6 1.16 ••• 57.68 • •• 
THW12 0 .91 ••• 47.69 • •• 60.86 • •• 
Quercus rubra elevated [C02l 0.75 *** 45.34 *** 78.93 *** 
TAO 1.05 ••• 44.92 • 91 .02 ••• 
TA3 0.45 • 11 1.08 • •• 
THW6 1.23 ••• 97.77 ... 
THW12 0 .69 ••• 51.85 • 82.73 •• 
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a constant elevation of air temperature, was supported, but it depended on the 
severity of the heat wave. Our results were similar to results of studies that 
imposed short term temperature increases on other plant species, for example, 
Phaseolus vulgaris (Hüve et al., 2011), Quercus pubescens (Haldimann & Feller, 
2004), Pisum sativum (Haldimann & Feller, 2005) and Vitis amurensis (Luo et al.,  
2011). These studies applied the temperature treatment for a few hours, while we 
imposed the temperature treatments for a week. After the third day of the +12°C 
heat wave, Anet values stabilised at positive values and did not show signs of 
further reduction, indicating that the photosynthetic apparatus did not accrue 
additional stress or damage as the heat wave continued. During the heat wave 
period, we observed a slow decline in Anet of the TA0 and TA3 seedlings of Q. rubra 
at ambient [CO2]. As the ambient temperature was higher during this period when 
compared with the period before the heat wave, air temperature might have been 
supra-optimal for photosynthesis (Gunderson et al., 2010). 
 Decreases in photosynthetic performance in response to heat stress have 
generally been attributed to stomatal limitations, increased respiration, 
photorespiration and/or heat damage to different parts of the photosynthetic 
apparatus (Saxe et al., 2001). As gs was not reduced during the heat wave in either 
P. taeda or Q. rubra, reductions in Anet cannot be explained by stomatal limitation. 
We found that gs was negatively related to leaf temperature in P. taeda but not in 
Q. rubra. Reports of the response of gs to heat stress have been highly variable. For 
example, a decrease in gs with rising temperature was reported in two oak species 
(Quercus macrocarpa and Quercus muehlenbergii) (Hamerlynck & Knapp, 1996), 
an increase was reported in gs in wheat (Triticum aestivum) and barley (Hordeum 
vulgare) (Bunce, 2000) and soybean (Glycine max) (Wilson & Bunce, 1997), and 
no change in gs was reported in two eucalyptus species (Eucalyptus saligna and 
Eucalyptus sideroxylon) (Ghannoum et al., 2010). We also found no significant 
relationships between VPD and gs, perhaps because of the high temperatures and  
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Figure 5.5 Mean (± S.E.) maximum quantum yield of light-saturated PSII (Fv′/Fm′) and quantum 
yield of light-saturated PSII (ΦPSII) of P. taeda and Q. rubra seedlings grown under [CO2] and 
temperature treatment combinations. Seedlings grown at ambient temperature (TA0) are indicated by 
green squares and ambient temperature +3°C (TA3) by yellow triangles. Seedlings subjected to +6°C 
heat waves every other week (THW6) are indicated by orange circles; seedlings subjected to +12°C 
heat waves every fourth week (THW12) are indicated by red diamonds. 
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VPD in which the experiment was conducted. Similar to findings in P. taeda 
(Bongarten & Teskey, 1986; Teskey et al., 1986), gs exhibited diminished 
responses to changes in VPD at high values of VPD. It was noted by Salvucci & 
Crafts-Brandner (2004a) that plants under heat stress, in the presence of adequate 
water supply, keep their stomata open to evaporatively reduce leaf temperature. 
 We observed no stomatal closure and high transpiration rates during the 
heat wave, suggesting that seedlings of P. taeda and Q. rubra employed 
transpirational cooling to cope with heat stress. This result raises potential concerns 
about depletion of soil water if heat waves persist in time or increase in severity 
(Heath, 1998). In the absence of an adequate water supply it can be expected that 
leaf temperature will rise substantially, leading to more severe reductions in 
photosynthetic performance, and possibly increased tree mortality (Allen et al., 
2010; Albert et al., 2011). 
 As the +12°C heat wave caused no apparent stomatal limitations to the 
diffusion of [CO2], inhibition of the photosynthetic apparatus must have 
contributed to the reduction in Anet. It has been shown that PSII is a thermolabile 
component of the photosynthetic apparatus. For example, thermal deactivation of 
oxygen evolution in PSII was observed in spinach (Spinacia oleracea) (Pueyo et 
al., 2002). In addition to reduction in oxygen evolution, heat stress has been shown 
to cause increased proton permeability of the thylakoid membranes (Bukhov et al., 
1999), limitation of electron transport (Wise et al., 2004), cellular lesions (Hüve et 
al., 2011) and reversible deactivation of Rubisco activase (Haldimann & Feller, 
2004; Salvucci & Crafts-Brandner, 2004b; Sharkey, 2005; Allen et al., 2010), all of 
which result in decreased photosynthetic activity. 
 In SPCATHW12 and SPCETHW12 we found a decrease in F0′ in response to the 
heat wave (data not shown). This result is consistent with the findings of 
Haldimann & Feller (2004), and suggests that the thylakoid membrane was not 
significantly damaged and was stable during heat stress. In contrast to P. taeda, an 
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increase in F0′ was found in SQCATHW12, which indicates increased thylakoid proton 
permeability. This finding is in contrast to Ghouil et al. (2003), who concluded that 
through acclimatisation, the thermal stability of the thylakoid membrane was 
enhanced in Q. suber seedlings exposed to temperatures up to 50°C. A similar 
acclimatisation process may have taken place with repeated exposure to heat waves 
in P. taeda, but not in Q. rubra. Our analysis showed a similar relationship 
between Anet and ΦPSII values in SQCATHW12 and SQCETHW12. This relationship 
indicates that electron transport was reduced by heat stress in Q. rubra, resulting in 
a reduction in the production of ATP and NADPH, which would eventually cause 
reduced Anet. Values of ΦPSII remained constant for SPCATHW12 and SPCETHW12, 
which indicates maintenance of electron transport during the heat wave. As 
electron transport remained constant but a decrease in Anet was observed in both 
SPCATHW12 and SPCETHW12, electrons must have been transferred to alternative 
sinks such as photorespiration. Because increased leaf temperature results in 
reduced CO2 solubility relative to O2, it is likely that photorespiration increased 
during the heat wave (Wang et al., 2012). Photorespiration provides a mechanism 
that prevents overreduction of the electron transport chain, thus protecting the 
photosynthetic apparatus from heat stress (Wingler et al., 2000; Leakey et al., 
2003). In addition, a significant reduction in Fv′/Fm′ was found for SPCATHW12 and 
SPCETHW12, indicating a reduction in the efficiency of excitation energy capture and 
an increase in the thermal dissipation of excitation energy (Maxwell & Johnson, 
2000; Rohacek, 2002). 
 We observed recovery of Anet during the 3 d after the heat wave in 
SPCATHW12 but not SQCATHW12, which indicates that the photosynthetic apparatus 
sustained damage, and lends support to our third hypothesis that a deciduous 
broadleaf tree species would be more susceptible to heat waves than an evergreen 
needle-leaf tree species. In a previous study of Q. rubra at the same site in which 
ambient temperature was raised by a constant 3°C or 6°C, no evidence of damage 
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to photosynthetic apparatus was observed (Wertin et al. 2011). This result, 
combined with the lack of reduction to Anet in the +6°C heat wave in this study, 
suggests that the daily maximum temperatures in the +12°C heat wave, which 
exceeded 45°C, may have been the cause of the damage. These results also indicate 
that a mean increase in air temperature of +3°C caused by a series of heat waves 
may have a more negative effect on photosynthesis than a constant elevation of 
temperature. However, we observed partial recovery of Anet indicating that 
inhibition of photosynthesis during the heat wave was to some extent reversible. As 
damage to PSII is only slowly, if at all, reversible (Sinsawat et al., 2004), recovery 
of PSII cannot explain the reversible inhibition of Anet. However, a reversible 
reduction in Rubisco activation state through thermal deactivation of Rubisco 
activase has been reported (Haldimann & Feller, 2004, 2005; Sharkey, 2005). 
These studies showed that after alleviation of heat stress, Anet quickly returned to 
pre-stress values. In addition, leaf temperature decreased after the heat wave, thus 
reducing photorespiration (Sage & Kubien, 2007), suggesting another explanation 
for the partial recovery of Anet. 
 
5.4.2  Net photosynthesis showed no distinct thermal acclimation 
Through thermal acclimatisation of photosynthesis, plants can increase their 
optimum temperature for Anet (Hikosaka et al., 2006). This phenomenon has been 
reported for some coniferous and deciduous tree species (Medlyn et al., 2002; 
Hikosaka et al., 2006; Ghannoum et al., 2010; Gunderson et al., 2010), but most 
studies have not shown any acclimation of photosynthesis to temperature (e.g. Ow 
et al., 2008a, b). Our observations indicated that a constant temperature increase of 
3°C did not have a significant effect on Anet in P. taeda or Q. rubra, compared with 
Anet at ambient temperature. Wertin et al. (2010) also found that a temperature 
increase of 2.3°C did not result in thermal acclimation of Anet in P. taeda. They 
attributed the lack of response to the broad temperature optimum for Anet in P. 
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taeda (Teskey et al., 1987). In addition, seedlings exposed repeatedly to the +6°C 
heat wave treatment did not acclimate, although there was some inconclusive 
evidence of possible acclimation in P. taeda. Seedlings exposed repeatedly to the 
+12°C heat wave treatment had strongly reduced Anet during the heat wave, which 
further supports there was no photosynthetic acclimation. Note that this does not 
exclude the possibility of additional acclimation mechanisms, such as the one 
mentioned in Chapter 7. 
 
5.4.3 Less heat stress under elevated [CO2] 
The higher Anet we observed under elevated [CO2] was consistent with previous 
results in P. taeda (Teskey, 1997; Tissue et al., 1997) and Q. rubra (Kubiske & 
Pregitzer, 1996; Anderson & Tomlinson, 1998; Cavender-Bares et al., 2000), as 
well as many other species. Our data also revealed that elevated [CO2] 
compensated for the negative effect of heat stress on Anet, which is consistent with 
other studies (Teskey et al., 1987; Faria et al., 1996, 1999; Taub et al., 2000; 
Hamilton et al., 2008; Wang et al., 2008) and supported our second hypothesis that 
elevated [CO2] would mitigate heat stress induced by heat waves. This result 
suggests that under predicted future atmospheric [CO2] conditions, well-watered 
seedlings will be better able to cope with heat waves than in current [CO2] 
conditions. However, this finding must be interpreted with caution. As 
photosynthesis can acclimate by down-regulation to higher [CO2] (Wang et al., 
1996; Long et al., 2004; Ainsworth & Rogers, 2007), the potential for future long-
term mitigating effects of elevated [CO2] on heat stress might be less than the 
effect seen in our study. If this is the case, the future impact of heat waves on Anet 
may be similar to that at the present time. It is also important to consider that 
drought stress may strongly exacerbate heat stress regardless of [CO2]. 
 Our results showed that Anet was significantly reduced in seedlings that 
were subjected to a +12°C heat wave, but that Anet remained positive throughout 
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most or all of the heat wave and the overall level of stress was less than expected, 
especially under elevated [CO2]. The decline in Anet during the heat wave was 
similar in P. taeda and Q. rubra, but the underlying mechanism was different; in P. 
taeda, reduced Anet was linked to lower Fv′/Fm′, while in Q. rubra it was linked to 
lower ΦPSII. 
 We conclude that even under well-watered conditions, a future increase in 
the frequency or severity of heat waves will have detrimental effects on 
photosynthesis of P. taeda and Q. rubra. We observed a mitigating effect of 
elevated [CO2] on the thermal stress imposed by a severe heat wave. However, 
photosynthetic down-regulation caused by long-term exposure to elevated [CO2] 
could negate this mitigating effect and lower available soil water could exacerbate 
the stress caused by heat waves. 
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Abstract 
The frequency and intensity of heat waves are predicted to increase as a 
consequence of climate warming, yet no experimental evidence exists for the 
potential magnitude of these effects. Therefore, we investigated whether 
consecutive heat waves of different severities would have the same impact on tree 
growth as a constant increase in temperature with equivalent heat sum and 
considered [CO2] and available soil moisture as potential interacting factors. 
Seedlings of Quercus rubra and Pinus taeda were grown under ambient or elevated 
[CO2] (380/700 mol CO2 mol
-1
) and three temperature treatments: ambient +3°C, 
moderate heat wave every second week (+6°C) or severe heat wave every fourth 
week (+12°C). All treatments had the same average temperature across the five-
month experimental growth period. Half the seedlings were watered to field 
capacity (50% v/v on average), the other half to 30%. Stem height and diameter 
were measured monthly. Biomass accumulation and partitioning were measured 
after five months. In ambient [CO2], seedlings of both species had significantly less 
biomass (up to 39%) when exposed to +12°C heat waves compared to a constant 
+3°C increase. These decreases were mitigated by elevated [CO2] in Quercus but 
not in Pinus. Despite having the lowest biomass, Quercus seedlings in the +12°C 
heat wave treatment grew taller (up to 17%) than all other Quercus seedlings. In 
contrast, Pinus seedlings in the +12°C heat wave treatment had consistently lower 
height and stem diameter compared with all other treatments within each soil water 
treatment. Soil water treatment had a greater effect than [CO2] on stem height, 
diameter and total biomass, with reduced growth under low soil water content 
compared with high soil water content (up to 55% smaller and up to 63% less 
biomass). We conclude that a) heat waves produced more stress than the same 
amount of heat applied uniformly; b) elevated [CO2] at least partially mitigated 
negative effects of heat waves; and c) drought was a more severe stressor than heat 
waves. 
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6.1 Introduction 
For this century, a 3°C rise in average surface temperature (Houghton et al., 2001; 
IPCC, 2007), a change in the amount and seasonality of precipitation (Dore, 2005; 
Roy et al., 2012), and an increase in the frequency of climate extremes, including 
heat waves, have been predicted coincident with an increase in atmospheric CO2 
concentration ([CO2]) up to 700 mol mol
-1
 (Easterling et al., 2000; Meehl & 
Tebaldi, 2004; Schar et al., 2004). In this manuscript, the term "heat wave" denotes 
a time period during which air temperature is not only significantly higher than its 
average over the past 30 years, but furthermore high enough to induce a distinct 
response from the studied object (in this case: tree seedlings). This definition is 
loosely based on Reichstein et al. (2013), who attempted to give a more general 
definition of climate extremes. 
 Heat waves, during which high temperatures often coincide with drought 
and high solar irradiation, are garnering scientific interest as the number of extreme 
weather events has grown larger in recent decades (Coumou & Rahmstorf, 2012; 
Rahmstorf & Coumou, 2011). For example, the number of summer heat waves in 
the eastern United States increased by 20% from 1949 to 1995 (Gaffen & Ross, 
1998). Similarly, the number of heat waves longer than 10 days significantly 
increased from 1961 to 2009 in many regions in Pakistan (Zahid & Rasul, 2012). 
Summer heat waves have doubled in length (from 1.4 to 3.0 days per heat wave) 
and the frequency of hot days tripled in western Europe in recent years compared 
with the early 20th century (Della-Marta et al., 2007). This trend is considered very 
likely to continue in this century (Diffenbaugh & Ashfaq, 2010; Lynn et al., 2007). 
 Extreme heat waves are expected to have, and may already have had, 
significant impacts on crop productivity and natural ecosystems (IPCC, 2007). Xu 
et al. (2012), in an observational study, found that an increasing trend in heat  
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waves corresponded to a decrease in vegetation growth in northern China, though 
not southern China. A 30% decrease in gross primary productivity in forests across 
western Europe in 2003 was attributed to a severe heat wave that summer (Ciais et 
al., 2005). However, these and similar observational studies documenting the 
effects of heat waves provide little insight into individual species responses to heat 
waves (e.g. Bertini et al., 2011; Ciais et al., 2005). One approach to a better 
understanding of the effects of heat waves on plants is to study them in the context 
of the total heat sum that the plants experience. Ameye et al. (2012) and 
Bauweraerts et al. (2013) were the first to provide experimental evidence that heat 
waves affected plant functioning differently than a constant temperature increase 
with equivalent heat sum, and that atmospheric [CO2] and soil water content had a 
significant influence on this effect. 
 Elevated atmospheric [CO2] has a stimulating effect on growth in C3 
species which generally becomes more pronounced under higher temperatures: 
increased availability of CO2 reduces photorespiration, while increased temperature 
accelerates most biological reactions up to a thermal optimum, after which further 
increased temperature will cause heat stress (Norby & Luo, 2004; Lewis et al., 
2001; Sage & Kubien, 2007). Low soil water content or drought conditions usually 
exacerbate the negative effect of heat stress on growth, by reducing the potential 
for evaporative cooling (Aranjuelo et al., 2007; De Boeck et al., 2010). In Chapter 
3, we moreover found that reduced water availability had a greater negative impact 
than heat waves. Elevated atmospheric [CO2] increases leaf internal [CO2], which 
can reduce stomatal conductance (Ainsworth, 2007), thereby increasing stomatal 
resistance to water vapour diffusion and reducing water usage (Wullschleger et al., 
2002). This effect is beneficial in the long term but might also limit the plant's 
potential for rapid evaporative cooling under short term intense heat stress (Kolb & 
Robberecht, 1996). 
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 In addition to effects on overall biomass accumulation, heat, [CO2], and 
water availability have also been reported to influence biomass partitioning. 
Drought conditions typically induce more root growth and less leaf growth 
(Chiatante et al., 1999; Dai et al., 2007). Elevated [CO2] has been reported to 
increase carbon allocation to roots and specifically to growth of fine roots (Lutze & 
Gifford, 1998; Suter et al., 2002). Elevated temperature may also lead to increased 
carbon allocation to roots (Stirling et al., 1998) and sometimes to higher specific 
leaf weight, which may or may not be linked to increased carbon allocation to the 
leaves (Gunn & Farrar, 1999; Teskey & Will, 1999). Interactive effects between 
[CO2], water availability and heat stress on tree growth have not been thoroughly 
examined, nor has the effect of heat waves on carbon allocation. 
 The objective of this study was to evaluate the effect of consecutive heat 
waves on tree growth compared to that of a constant temperature increase with 
equivalent heat sum. Because of their sensitivity to environmental stresses, the 
experiment was conducted on seedlings. A coniferous evergreen (Pinus taeda L.) 
and a deciduous broadleaf (Quercus rubra L.) were selected. In the context of 
climate change, different levels of atmospheric [CO2] and soil water content were 
considered as potential interacting factors. We performed our analyses based on the 
following hypotheses: (1) stem height, stem diameter, and total biomass 
accumulation will be lower in heat wave treatments than in the constant elevated 
temperature treatment, but elevated [CO2] will mitigate the differences; (2) the 
effect of soil water availability on stem height, stem diameter, and total biomass 
accumulation will be greater than effects of [CO2] and temperature treatments; and 
(3) elevated [CO2], low soil water availability, and temperature extremes will all 
lead to increased carbon allocation to the roots. 
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6.2 Materials and methods 
The following section is an abbreviated version of the experiment's materials and 
methods. The complete description is given in Chapter 2. 
 
6.2.1 Experimental setup 
Seedlings of two species, a broadleaf (Quercus rubra, SQ) and a coniferous species 
(Pinus taeda, SP) were subjected to the same treatments, at the same time and 
location. Chamber treatments consisted of two factors: atmospheric [CO2] (ambient 
(CA, 380 mol CO2 mol
-1
) or elevated (CE, 700 mol CO2 mol
-1
)) and temperature 
(ambient +3°C (TA3), a heat wave elevating ambient by 6°C every other week 
(THW6), and a heat wave elevating ambient by 12°C every four weeks (THW12). Each 
of these six [CO2] × temperature treatment combinations was assigned to one of six 
treatment chambers, in which thirty seedlings of each species were placed. Per 
chamber, 15 seedlings per species were given plenty of water (WH), while the other 
15 seedlings were poorly watered (WL). Seedlings were planted in December 2009, 
and treatments started in May 2010.  
 
6.2.2 Growth measurements 
Stem height and diameter at the base of each seedling were measured monthly 
from June through October 2010 using a meter stick and digital calliper (Absolute 
Digimatic 500-196-20, Mitutoyo USA, Aurora, IL, USA). When the treatments 
were initiated, there were no differences in stem height or diameter. Seedlings were 
harvested at the end of the growing season (2 October 2010) just before leaf 
senescence of the northern red oaks. Roots were hand washed to remove all potting 
material. Foliage, stem and root biomass of 15 seedlings per treatment were dried 
at 60C for one week and weighed. 
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6.3 Results 
6.3.1 Height and diameter growth 
Water availability had the largest effect on stem height and diameter growth of all 
factors examined (Table 6.1). Seedlings grown in the WH treatment were always 
taller and had larger diameter than seedlings in the WL treatment, regardless of 
[CO2] or temperature treatment, and this difference increased toward the end of the 
growing season: +55% in Q. rubra and +53% in P. taeda (both P < 0.001) for 
height at final harvest, +30% in Q. rubra and +38% in P. taeda (both P < 0.001) 
for diameter at final harvest. Furthermore, height growth of Q. rubra but not P. 
taeda seedlings stopped almost completely in most WL and several WH treatments 
 
Table 6.1  Linear model analysis of variance (P values) for the [CO2] (C), temperature (T) and soil 
water (W) treatments and their interactive effects on height, diameter and component biomass of one-
year-old northern red oak (Quercus rubra L.) and loblolly pine (Pinus taeda L.) seedlings grown 
under two [CO2] treatments, three temperature treatments and two soil water treatments. Values < 
0.05 denote significance of the effect, and are presented in bold font. 
 
 
Growth  Biomass 
Effect Height Diameter  Total Root Stem Leaf 
Quercus rubra 
  
     
C 0.082 0.002  <0.001 <0.001 <0.001 <0.001 
T 0.031 0.464  0.004 <0.001 0.273 0.043 
C × T 0.102 0.098  0.075 0.160 0.033 0.046 
W <0.001 <0.001  <0.001 <0.001 <0.001 <0.001 
C × W 0.416 0.696  0.137 0.137 0.116 0.350 
T × W 0.945 0.809  0.511 0.346 0.687 0.832 
C × T × W 0.307 0.056  0.647 0.756 0.140 0.755 
Pinus taeda 
  
     
C 0.012 <0.001  <0.001 <0.001 <0.001 <0.001 
T 0.013 <0.001  <0.001 <0.001 <0.001 <0.001 
C × T 0.148 0.331  0.714 0.738 0.729 0.582 
W <0.001 <0.001  <0.001 <0.001 <0.001 <0.001 
C × W 0.005 <0.001  <0.001 <0.001 0.003 <0.001 
T × W 0.455 0.716  0.126 0.602 0.099 0.095 
C × T × W 0.311 0.062  0.011 0.032 0.070 0.005 
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before the end of the growing season (Figs 6.1 and 6.2). Stem diameter of both 
species was enhanced by elevated [CO2] in all WL but not all WH treatments. While 
this [CO2] effect was fairly constant for P. taeda (+11% averaged over the growing 
season, P < 0.001), in Q. rubra it increased as the growing season progressed (from 
+7% in June to +12% in October, both P < 0.01). Elevated [CO2] also stimulated 
height growth in P. taeda in the WL treatment (+15% averaged over the growing 
season, P < 0.001) but not in the WH treatment (-1% averaged over the growing 
season) (Fig. 6.2; [CO2] × water interaction, Table 6.1) Elevated [CO2] had no 
significant effect on Q. rubra stem height growth (Fig. 6.1; Table 6.1). 
 Temperature treatment had a significant effect on stem height in both 
species  (Table 6.1),  though the response to the temperature treatments differed 
between the two species. At the end of the growing season, Q. rubra seedlings in 
the THW12 treatment were taller than in the other two temperature treatments in 
CAWL (11% compared to TA3, 18% compared to THW6), CEWH (26% compared to 
TA3, 12% compared to THW6) and CEWL (24% compared to TA3, 42% compared to 
THW6) (all P < 0.01). In contrast, height of P. taeda seedlings in the THW12 treatment 
was either less than or equal to the other two temperature treatments (averaged 
across all [CO2] × water treatments: -7% compared with both TA3 and THW6, both P 
< 0.01). Diameter was negatively affected by the +12°C heat wave treatment in P. 
taeda in all [CO2] × water treatments and this effect became larger towards the end 
of the growing season (from 0% in June to -15% in October, P < 0.001) but heat 
stress did not affect diameter of the Q. rubra seedlings.  
 
6.3.2 Biomass accumulation 
Total and component biomass differed significantly among [CO2], water, and 
temperature treatments in both species, with the exception of temperature treatment 
for stem biomass of Q. rubra (Figs 6.3 and 6.4; Table 6.1). Averaged across 
temperature and water treatments, total biomass of both species was increased by  
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Figure 6.1  Mean (± S.E.) stem height and diameter growth from June through October 2010 of Q. 
rubra seedlings grown under two [CO2] treatments: 380 and 700 mol CO2 mol
-1, three temperature 
treatments: ambient +3°C (TA3), +6°C heat wave (THW6), and +12°C heat wave (THW12), and two soil 
water treatments: high (WH) and low (WL). 
 
elevated [CO2] (Q. rubra: +38%, P < 0.001; P. taeda: +28%, P < 0.001). 
Additionally, we found a greater positive effect of elevated [CO2] on total biomass 
accumulation in WL (Q. rubra: +46%, P < 0.01; P. taeda: +47%, P < 0.001), than 
in WH (Q. rubra : +33%, P < 0.001; P. taeda: +3.9%, P = 0.14). The absence of a 
[CO2] effect on total biomass in WH in P. taeda was also reflected in non-
significant differences in component biomass. 
 Total biomass accumulation in seedlings in CAWH subjected to intermittent 
+6°C heat waves was not significantly different from seedlings in TA3 in both 
species. Exposure to repetitive +12°C heat waves did result in a substantial 
reduction of total biomass for Q. rubra (-39%, P < 0.05) or P. taeda (-27%, P < 
0.001) compared to TA3, even though seedlings in all treatments experienced equal 
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Figure 6.2  Mean (± S.E.) stem height and diameter growth from June through October 2010 of P. 
taeda seedlings grown under two [CO2] treatments: 380 and 700 mol CO2 mol
-1, three temperature 
treatments: ambient +3°C (TA3), +6°C heat wave (THW6), and +12°C heat wave (THW12), and two soil 
water treatments: high (WH) and low (WL). 
 
heat sums. However, elevated [CO2] reduced the negative effects of +12°C heat 
waves on total biomass accumulation for both species in WL (Q. rubra : -9%, P > 
0.05; P. taeda: -22%, P > 0.05) and WH (Q. rubra: -7%, P > 0.05; P. taeda: -21%, 
P < 0.01). 
 The P. taeda seedlings in CEWL showed no significant differences among 
temperature treatments, except for root biomass, where values in the THW12 
treatment were lower than in the TA3 and THW6 treatments (-28% and -32%, 
respectively, both P < 0.01), and leaf biomass, where values in the THW6 treatment 
were higher than in the TA3 and THW12 treatments (-27% and -40%, respectively, 
both P < 0.01). Exposure to biweekly +6°C heat waves was beneficial for P. taeda 
in CEWL, resulting in the highest biomass for each component. 
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Table 6.2  Slopes for linear regressions of ln-transformed values of leaf, stem or root weight and 
total plant weight for Q. rubra and P. taeda seedlings grown under two CO2 levels: 380 (CA) and 700 
(CE) mol CO2 mol
-1, three temperature treatments: ambient +3°C (TA3), +6°C heat wave (THW6), and 
+12°C heat wave (THW12), and two soil water treatments: high (WH) and low (WL). Higher values 
indicate higher allocation to the component. Significant differences among slope values are given in 
Table 6.3. 
 
      Quercus rubra   Pinus taeda 
   
Root Stem Leaf   Root Stem Leaf 
CA TA3 WH 1.06 1.08 0.79 
 
0.50 0.99 1.45 
WL 0.35 2.30 1.51 
 
0.90 1.16 1.04 
THW6 WH 1.01 1.20 0.86 
 
1.08 0.98 0.96 
WL 0.86 1.35 1.09 
 
0.95 1.30 0.90 
THW12 WH 1.02 0.95 1.01 
 
0.91 1.17 0.95 
WL 1.17 0.55 1.79 
 
1.14 0.94 0.95 
CE TA3 WH 0.78 1.59 1.44 
 
0.56 1.10 1.32 
WL 1.12 0.74 0.79 
 
0.83 1.21 1.04 
THW6 WH 0.99 1.08 0.96 
 
0.72 1.31 1.05 
WL 1.11 0.63 0.86 
 
0.61 0.96 1.31 
THW12 WH 1.09 0.87 0.85 
 
0.90 1.34 0.89 
WL 0.67 1.75 1.47   1.24 1.08 0.81 
 
6.3.3 Carbon allocation 
Carbon allocation was calculated from the slope of the 
e
log-transformed values of 
leaf, stem, and root versus total biomass, with a higher value indicating a higher 
allocation to the component. Biomass partitioning in Q. rubra was not affected by 
any single factor, but there was a significant interaction between temperature, 
water availability, and [CO2] (P < 0.01) on partitioning to the stem (Tables 6.2, 6.3; 
Fig. 6.5). Under ambient [CO2] and low water availability, increasing heat stress 
significantly reduced partitioning to the stem, with the slope being four times lower 
in THW12 compared with TA3 (P < 0.05; Tables 6.2, 6.3). Under elevated [CO2] this 
pattern was reversed. Biomass partitioning to leaves in P. taeda was significantly 
lower (P < 0.05) in the heat wave treatments than in TA3 (Fig. 6.6). 
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Table 6.3  Pair-wise comparisons of slope values from Table 6.2 in the ln-ln transformed allometric equation among 
 [CO2] × temperature × water treatments per species. 
 
Slopes which differ significantly at P = 0.05 are marked by an 'X'. 
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Figure 6.3 Mean (+ S.E.) total and 
component biomass of Q. rubra seedlings 
grown under two [CO2] treatments: 380 and 
700 mol CO2 mol
-1, three temperature 
treatments: ambient +3°C (TA3), +6°C heat 
wave (THW6) and +12°C heat wave (THW12), 
and two soil water treatments: high (WH, 
black bars) and low (WL, grey bars). 
Significant differences (P < 0.05) across all 
bars are denoted by different letters. 
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Figure 6.4 Mean (+ S.E.) total and 
component biomass of P. taeda seedlings 
grown under two [CO2] treatments: 380 and 
700 mol CO2 mol
-1, three  temperature 
treatments: ambient +3°C (TA3), +6°C heat 
wave (THW6) and +12°C heat wave (THW12), 
and two soil water treatments: high (WH, 
black bars) and low (WL, grey bars). 
Significant differences (P < 0.05) across all 
bars are denoted by different letters. 
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This effect disappeared in THW6 under elevated [CO2] but was maintained in the 
more severe heat wave treatment (THW12). No temperature effect was found for 
biomass partitioning to the stem, but for partitioning to the roots we observed the 
opposite pattern: lower root biomass (P < 0.05) in TA3 than in the heat wave 
treatments, with this effect disappearing in THW6 but not THW12 under elevated 
[CO2]. In summary, in ambient [CO2], increasing heat stress shifted carbon 
allocation away from the leaves and towards the roots in P. taeda, whereas in Q. 
rubra increasing heat stress reduced carbon allocation to the stem in favour of the 
roots. Under elevated [CO2] we observed the opposite trend in Q. rubra seedlings, 
i.e. increasing heat stress reduced carbon allocation to the roots in favour of the 
stem, especially under low soil water availability.  
 
6.4 Discussion 
The results of this study demonstrate that temperature variability can have 
important effects on growth that are not accounted for by the average temperature. 
Our first hypothesis was that stem height and diameter and total biomass 
accumulation would be lower in the heat wave treatments than in the constant 
elevated temperature treatment, but that elevated [CO2] would mitigate this 
response. This hypothesis was largely supported by our results and is consistent 
with the moderating effect of elevated [CO2] on net photosynthesis (Anet), 
measured in both species during a heat wave in this same study (Ameye et al., 
2012; Bauweraerts et al., 2013). However, the response to elevated [CO2] was 
greater in Q. rubra than in P. taeda. Ameye et al. (2012) observed that the total 
electron flow related to Rubisco activity was lower during the +12°C heat wave in 
Q. rubra than it was in P. taeda even though Anet stimulation was similar, which 
may have been an indication that photorespiration was a more important energy 
sink in P. taeda (von Caemmerer & Quick, 2000). 
Water availability is crucial for tree growth during heat waves 
 
141 
 
 Comparing growth among the THW12, THW6, and TA3 treatments showed that 
temperature variability produced different growth responses, even when average 
temperatures were equal. This finding differs from results of other studies, which 
predominantly report increases in biomass when plants are grown at constant 
elevated temperature (Way & Oren, 2010). Studies that used the latter approach on 
a wide variety of tree species, including Eucalyptus sideroxylon and E. saligna 
seedlings (Ghannoum et al., 2010), Fagus sylvatica saplings (Overdieck et al., 
2007) and Quercus myrsinaefolia saplings (Usami et al., 2001), have reported 
increases in growth in higher temperature treatments ranging from +40 to +150%. 
However, Way & Sage (2008) subjected Picea mariana seedlings to a +8°C 
temperature treatment and found a decrease of 58% in dry biomass. They 
concluded that the growth reduction could be attributed to the direct suppression of 
Anet and increased respiration. This finding supports our prior reports, where we 
found a significant reduction in Anet in both species in the THW12 treatment during 
the July-August heat wave period. However, plants exposed to the moderate heat 
wave (THW6) did not exhibit significant differences in growth compared with the 
TA3 treatment, suggesting that the severity and frequency of heat waves are 
important considerations. It is possible that a +6°C increase was not sufficient to 
exceed the temperature optimum for photosynthesis or growth, while a +12°C 
increase was. Alternatively, biweekly exposure to moderate heat waves may have 
resulted in acclimation of the photosynthetic apparatus, explaining the lack of a 
growth response (Way & Oren, 2010). De Boeck et al. (2011) imposed 10 d 
seasonal heat waves of about +7°C on three herbaceous species and found only 
transient reductions in growth. They concluded that during the summer heat wave, 
leaf temperatures did not reach damaging levels and thus the plants did not show a 
sustained reduction in growth. 
 Our second hypothesis was that the effect of soil water availability on stem 
height and diameter and total seedling biomass growth would be greater than that  
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 Figure 6.5  Linear regressions of ln-transformed values of leaf, stem or root weight and total plant 
weight for Q. rubra seedlings grown under two [CO2] treatments: 380 and 700 mol CO2 mol
-1, three 
temperature treatments: ambient +3°C (TA3), +6°C heat wave (THW6), and +12°C heat wave (THW12), 
and two soil water treatments: high (WH) and low (WL). Slope values are presented in Table 6.2. 
Higher values indicate higher allocation to the component. 
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 Figure 6.6  Linear regressions of ln-transformed values of leaf, stem or root weight and total plant 
weight for P. taeda seedlings grown under two [CO2] treatments: 380 and 700 mol CO2 mol
-1, three 
temperature treatments: ambient +3°C (TA3), +6°C heat wave (THW6), and +12°C heat wave (THW12), 
and two soil water treatments: high (WH) and low (WL). Slope values are presented in Table 6.2. 
Higher values indicate higher allocation to the component. 
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of the [CO2] or the temperature treatments. This hypothesis was supported by our 
results and was consistent with previous studies (Centritto et al., 2002; Ge et al., 
2012; Kuster et al., 2013). For both species, no significant two-way interactions 
were found between water and temperature, indicating that the effect of 
temperature stress alone (i.e. disregarding any [CO2] interaction) on drought was 
not exacerbated by drought stress. This result is consistent with a study by Dreesen 
et al. (2012), reporting an additive but not interactive effect of heat and drought on 
Anet in a community consisting of annual and biannual plants during a heat wave in 
July. Note that our study consistently maintained soil water availability in the WL 
treatment, before and during the heat wave; different effects on seedling growth 
might have been expected if soil water depletion had been caused by the heat wave 
itself (van Mantgem & Stephenson, 2007). Our third hypothesis was that elevated 
[CO2], low soil water availability, and temperature extremes would all lead to 
increased carbon allocation to roots. Past studies have shown that high [CO2], high 
temperature, and low soil water availability promote allocation of structural 
carbohydrates to the roots to stimulate root growth (Dai et al., 2007 in Malus 
domestica; Stirling et al., 1998 in five annuals; Suter et al., 2002 in Lolium 
perenne), which was also found in both species in our study. 
 The Q. rubra seedlings were more sensitive to the THW12 treatment than the 
P. taeda seedlings. This was shown by the fairly stem height and diameter 
growth in the P. taeda seedlings compared with the fluctuating pattern of growth in 
the Q. rubra seedlings. Though temperature acclimation has been shown to occur 
in P. taeda seedlings (Teskey & Will, 1999) as well as in Q. rubra (Gunderson et 
al., 2010), Ameye et al. (2012) showed that the former's photosynthetic apparatus 
was less vulnerable than the latter's when exposed to heat waves. Jansen et al. 
(2012) studied different provenances of Pseudotsuga menziesii and found that trees 
which were better adapted to heat and drought events often had less growth 
potential, which suggests that P. taeda's fairly constant growth rate (illustrated by 
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the quasi-linear shape of the curves in Fig. 6.2) could reach a sudden plateau. P. 
taeda seedlings in the THW12 treatment indeed tended to be smaller than in the other 
treatments, and this difference increased as the growing season progressed, which 
may be indicative of cumulative heat wave damage. On the other hand, stem height 
and diameter growth in Q. rubra appeared to be stimulated by heat waves, as stem 
height and diameter growth of seedlings in the THW12 treatment was not impeded by 
heat stress under ambient [CO2] and was highest under elevated [CO2]. The reason 
for this response is not clear, but one possible cause could be that the seedlings 
accumulated more storage water between heat waves which allowed greater 
evaporative cooling during the heat wave; this latter effect was already found in 
Chapter 3. Increased storage would forcibly stretch cells by increasing turgor and 
would have a greater effect under elevated [CO2], as those seedlings accumulated 
more biomass. Zweifel et al. (2007) also showed that this effect would be greater in 
an oak than in a pine tree due to differences in vascular structure. Another 
proposed mechanism has been conceived by Gray et al. (1998) for Arabidopsis 
thaliana and has been confirmed through modelling by Bridge et al. (2013). They 
suggested that hypocotyl elongation, observed under increasing temperature, could 
provide cooling by increasing the distance between the meristematic tissues and the 
hotter soil, and by increasing the potential for convective cooling. In relative terms, 
this effect would be larger in the rather small A. thaliana than in most tree species, 
but there is no reason to expect that this mechanism is absent in tree species. 
 In conclusion we observed that heat waves produced more stress than the 
same amount of heat applied uniformly, which suggests that simply increasing 
mean temperature may limit our ability to predict how plant growth may be 
affected in the future. The benefits of elevated [CO2] seemed to diminish as heat 
wave intensity increased. This suggests that, if an increase in mean temperature is 
accomplished through periodic extreme heat events, potential positive or mitigating 
effects of elevated [CO2] on plant growth may be substantially reduced. 
Chapter 6 
 
146 
 
 Our results indicate that when considering tree performance under 
predicted climate conditions, the intensity and duration of heat events may be more 
important than the magnitude of the mean increase in temperature. P. taeda 
appeared less susceptible to the effects of heat waves than Q. rubra, particularly 
when looking at the time series of stem height and diameter growth. Low soil water 
availability was a greater stressor than heat waves in both species and influenced 
the impact of the heat waves. 
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Acclimation effects of heat waves  
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Abstract 
Heat wave frequency and intensity are predicted to increase. We investigated 
whether repeated exposure to heat waves would induce acclimation in Quercus 
rubra seedlings, and considered [CO2] as an interacting factor. We measured gas 
exchange and Chl-a fluo of seedlings grown in 380 (CA) or 700 (CE) mol CO2 
mol
-1
, and three temperature treatments (ambient, ambient +3°C, and an ambient 
+12°C heat wave every fourth week). Measurements were performed during the 
third and fourth +12°C heat waves (July and August 2010) at Whitehall Forest, 
GA, USA. Additionally, previously unexposed seedlings were subjected to the 
August heat wave to serve as a control to determine acclimation of seedlings which 
were previously exposed. Seedlings with a history of heat wave exposure showed 
lower net photosynthesis (Anet) and stomatal conductance (on average -47% and -
38%, respectively) than seedlings with no such history, when both were subjected 
to the same +12°C heat wave. During both heat waves, Anet significantly declined 
in the +12°C treatment compared with the other treatments. Additionally, the Anet 
decline during the August compared with the July heat wave was stronger in CE 
than in CA, suggesting that elevated [CO2] might have had a negative effect on 
acclimation capacity. We conclude that seedlings subjected to consecutive heat 
waves will moderate stomatal conductance outside the heat wave, to reduce water 
usage at lower temperatures, increasing survival at the expense of carbon 
assimilation. 
 
 
 
 
 
 
 
Chapter 7 
 
152 
 
7.1 Introduction 
Global climate change is expected to result in a rise in mean global temperature by 
the end of the century, due in part to a steady rise in atmospheric CO2 
concentration ([CO2]) and other greenhouse gasses (IPCC, 2013). Climate change 
has already resulted in increases in the number and intensity of heat waves 
(Rahmstorf & Coumou, 2011), a trend considered very likely to continue in this 
century (Diffenbaugh & Ashfaq 2010; Lynn et al., 2007). Heat waves are attracting 
public and scientific interest as the number of extreme weather events has 
increased in recent decades (Coumou & Rahmstorf, 2012). Examples include the 
2003 European heat wave (Ciais et al., 2005), the 2009 Australian heat wave 
(Karoly, 2009), and the 2011 heat wave in the Southern US (Luo & Zhang, 2012). 
The number of heat events longer than 10 days significantly increased in many 
regions in Pakistan from 1961 to 2009 (Zahid & Rasul, 2012), and the number of 
summer heat waves in the eastern United States increased by 20% from 1949 to 
1995 (Gaffen & Ross, 1998). Modelling by Coumou & Robinson (2013) has shown 
that the global land area experiencing temperatures three or more standard 
deviations warmer than average local climatology will have doubled (covering 
~10%) by 2020, and quadrupled (~20%) by 2040. In this manuscript, the term 
"heat wave" denotes a time period during which air temperature is not only 
significantly higher than its average over the past 30 years, but furthermore high 
enough to induce a distinct response from the studied object (in this case: tree 
seedlings). This definition is loosely based on Reichstein et al. (2013), who 
attempted to give a more general definition of climate extremes. 
 Changes in heat wave frequency and intensity will not happen overnight, 
and it is plausible that individuals and ecosystems will acclimate and eventually 
adapt to their altered thermal environment. Acclimation can be defined as 
environmentally induced changes in characteristics that result in an improved 
performance under the new growth regime (Berry & Björkman, 1980). Indeed, 
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species have already developed mechanisms to cope with extreme temperatures 
and heat waves throughout their evolution, and individuals may therefore be able to 
acclimate to conditions that are more extreme. In this manuscript, we discuss two 
plant strategies for coping with heat stress, namely thermal acclimation of carbon 
gain and water conservation. In a recent review, Way & Yamori (2014) argued that 
photosynthetic thermal acclimation should include adjustments of both the 
photosynthetic thermal optimum (Topt) and the photosynthetic rate at the growth 
temperature (Agrowth). Many studies have reported an increase in Topt (Sage & 
Kubien, 2007), but Agrowth has both increased (e.g. Geum vernum, Anderson & 
Cipollini, 2013) and decreased (e.g. Cucumis sativus, Li et al., 2013). Acclimation 
to a sustained growth temperature may differ from acclimation to short intense heat 
events, and plants have been observed to increase expression of heat shock proteins 
to correct the structure of heat damaged photosynthetic proteins during an intense 
heat period (Vierling, 1991). For example, Huerta et al. (2013) found that Aloa 
barbadensis plants acclimated at higher temperatures expressed more heat shock 
proteins prior to a 45°C heat shock than non-acclimated individuals. 
 Acclimation of a plant's water status to higher temperatures has been 
studied less extensively, and no specific literature exists on the mechanistic 
background of water strategy responses to heat waves. The general assumption 
remains that individuals will strive to conserve water at higher temperatures by 
reducing stomatal conductance (Fischer et al., 1970) or adjusting osmotic balance 
(Lu & Zhang, 1999), until potentially damaging temperatures and the need for 
evaporative cooling become more important than water conservation. In a heat 
wave experiment on Quercus rubra seedlings, Bauweraerts et al. (2013) observed 
that seedlings with a history of >50°C heat wave exposure had greatly increased 
stomatal conductance, transpiration, and net photosynthesis (Anet) during a >50°C 
heat wave compared with measurements before and after the heat wave. In the 
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same experiment, Ameye et al. (2012) found no such behaviour in these seedlings 
one month (and one >50°C heat wave) earlier. 
 It has been shown that elevated [CO2] has the potential to stimulate Anet at 
higher temperatures, and mitigate damage at very high temperatures (>45°C) (Sage 
& Kubien, 2007). In a heat wave experiment on Larrea tridentata, Hamerlynck et 
al. (2000) found that elevated [CO2] protected photosynthetic activity and capacity 
during the heat wave. Bauweraerts et al. (2014), in their heat wave experiment, 
found that biomass of Q. rubra seedlings grown under elevated [CO2] (700 mol 
CO2 mol
-1
), was not different between ambient +3°C and +12°C heat wave 
treatments, while biomass of seedlings grown under ambient [CO2] was 40% lower 
in the +12°C heat wave treatment compared with the ambient +3°C treatment. High 
temperatures have been shown to decrease PSII (Al-Khatib & Paulsen, 1989; 
Qaderi et al., 2006), and we have already observed this in Chapter 4 and Chapter 5 
(Q. rubra and P. taeda). 
 In this report we examine the effect of consecutive severe (+12°C) heat 
waves on gas exchange and chlorophyll a fluorescence of Quercus rubra seedlings. 
Data were collected during the third and fourth +12°C weeklong heat waves (July 
and August). Part of this dataset was already presented in Chapter 3 and Chapter 5. 
The current report compares these data to unpublished values recorded in August, 
to identify signs of acclimation in the evolution of a single species' response to 
successive heat waves. Additionally, during the fourth heat wave, putative 
acclimation of physiology after repeated heat wave exposure is tested against 
controls without previous exposure. Elevated [CO2] is considered as a potential 
interacting factor in the framework of climate change. Our initial hypotheses with 
regard to the acclimation experiment in August were: (1) seedlings with a history 
of heat wave exposure will have higher Anet and PSII than seedlings with no 
history of heat wave exposure when they are subjected to the same heat wave; (2) 
elevated [CO2] will mitigate differences in Anet and PSII between seedlings with a 
Acclimation effects of heat waves 
 
155 
 
history of heat wave exposure and seedlings with no history of heat wave exposure 
when they are subjected to the same heat wave. Our hypotheses with regard to the 
consecutive July and August heat waves experiment were: (3) the difference in Anet 
and effective PSII quantum yield (PSII) between the severe heat wave treatment 
and the ambient temperature treatment will be smaller, because of acclimation, in 
the August heat wave than in the July heat wave; (4) elevated [CO2] will mitigate 
differences in Anet and PSII among the temperature treatments during both heat 
waves. 
 
7.2 Materials and methods 
The following section is an abbreviated version of the experiment's materials and 
methods. The complete description is given in Chapter 2. 
 
7.2.1 Experimental setup 
Chamber treatments consisted of two factors: atmospheric [CO2] (ambient (CA, 380 
mol CO2 mol
-1
) or elevated (CE, 700 mol CO2 mol
-1
)) and temperature (ambient 
temperature (TA0), ambient +3°C (TA3), and a heat wave elevating ambient by 12°C 
every four weeks (THW12). Each of these six [CO2] × temperature treatment 
combinations was assigned to one of six treatment chambers, in which thirty 
seedlings of Quercus rubra L. were placed. Per chamber, 15 seedlings were given 
plenty of water (WH), while the other 15 seedlings were poorly watered (WL). 
Seedlings were planted in December 2009, and treatments started in May 2010. 
 
7.2.2 Heat wave acclimation experiment 
To determine if seedlings were acclimating to repetitive exposure to +12°C heat 
waves, three individuals from the TA0 treatment were placed in the THW12 treatment 
chamber right before the August +12°C heat wave (20–26 August 2010). Leaf gas 
exchange and chlorophyll a fluorescence measurements were conducted on these 
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seedlings as well as on three seedlings that had been grown in the THW12 treatment. 
These measurements took place three hours before the consecutive heat waves 
experiment measurements (12:00 and 15:00 hours, respectively) on 19, 23 and 26, 
and 31 August (before, during, and after the +12°C heat wave, respectively). This 
allowed us to investigate whether seedlings with no previous exposure history (N-
PEH) to a +12°C heat wave performed similarly during a heat wave to those which 
were previously exposed (PEH). This factor was denoted as exposure history. 
 
Table 7.1 Linear mixed model analysis of variance (P values) of effects on gas exchange and 
chlorophyll a fluorescence of one-year-old northern red oak (Quercus rubra) seedlings grown under 
two CO2 levels and with different heat wave exposure histories in August. Factors are [CO2] (C; 2 
levels: 380 and 700 mol CO2 mol
-1), heat wave exposure history (H; 2 levels: no previous exposure, 
and three previous +12°C heat waves), and treatment period (P; before, during, and after the heat 
wave). Values <0.05 denote significance of the effect, and are presented in bold font. 
 
  Gas exchange Fluorescence
Factor Anet gs E WUEi 
 
PSII qP
C 0.016 0.253 0.229 <0.001 
 
0.618 0.361 
H 0.044 0.095 0.092 0.502 
 
0.009 0.003 
C × H 0.836 0.286 0.311 0.766 
 
0.597 0.655 
P 0.093 <0.001 <0.001 <0.001 
 
<0.001 0.107 
C × P 0.058 0.058 0.021 <0.001 
 
0.148 0.449 
H × P 0.032 0.022 0.004 0.026 
 
0.057 0.097 
C × H × P 0.103 0.108 0.019 0.031 
 
0.065 0.684 
 
7.2.3 Consecutive heat waves experiment 
Leaf gas exchange and chlorophyll a fluorescence measurements were conducted 
prior to, during, and after two midsummer heat wave treatment periods (20-26 July, 
and 20-26 August, 2010, respectively). Measurements were conducted at noon on 
four randomly selected seedlings (different from the N-PEH and PEH seedlings) 
from each of the six treatment combinations. Different individuals in THW12 
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treatment (i.e. PEH) than those used in the heat wave acclimation experiment were 
selected to avoid any artefacts caused by mechanical perturbation due to earlier 
handling of the seedlings. The rationale behind measuring the THW12 seedlings 
again at this time is that photosynthetic activity can show a strong diurnal profile. 
Because of the three hour difference between the two measurement sessions, it was 
decided that additional measurements in the THW12 treatment were necessary. For 
the July heat wave treatment period, measurements were made over ten days: three 
days before the start of the heat wave (13, 16 and 19 July), four days during the 
heat wave (20, 22, 24 and 26 July) and three days after the heat wave (27 and 29 
July, and 1 August). For the August heat wave treatment period, measurements 
were made over nine days: two days before the start of the heat wave (18 and 19 
August), four days during the heat wave (20, 23, 24 and 26 August) and three days 
after the heat wave (27, 29 and 31 August). 
  
Table 7.2 Linear mixed model analysis of variance (P values) of effects on gas exchange and 
chlorophyll a fluorescence of one-year-old northern red oak (Quercus rubra) seedlings grown under 
two CO2 levels and three temperature treatments during July and August. Factors are [CO2] (C; 2 
levels: 380 and 700 mol CO2 mol
-1), growth temperature (T; 3 levels: ambient, ambient +3°C, and 
ambient +12°C every fourth week), and treatment period (P; 3 levels: before, during and after the heat 
wave). Values <0.05 denote significance of the effect, and are presented in bold font. 
 
 July Heat Wave  August Heat Wave 
Effect Anet gs E Fv'/Fm' ΦPSII  Anet gs E Fv'/Fm' ΦPSII 
C <0.001 0.001 0.003 0.001 0.924  0.016 <0.001 0.003 0.025 <0.001 
T 0.192 0.970 0.087 0.179 0.118  0.002 0.029 0.087 0.071 0.009 
C × T 0.228 0.266 0.338 0.021 0.748  0.331 0.400 0.338 0.737 0.074 
P <0.001 0.018 <0.001 0.919 0.399  0.004 0.007 <0.001 0.058 0.005 
C × P 0.079 0.217 0.590 0.089 0.254  0.007 0.684 0.590 0.034 0.104 
T × P <0.001 0.096 <0.001 0.122 0.327  0.005 0.049 <0.001 <0.001 0.065 
T × C × P 0.959 0.904 0.863 0.784 0.574  0.649 0.957 0.863 0.412 0.957 
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7.3 Results 
7.3.1 Heat wave acclimation experiment 
Previous exposure to +12°C heat waves had a significant effect on Anet (Table 7.1). 
During all treatment periods, N-PEH seedlings had equal or higher Anet compared 
with PEH seedlings (+47% across [CO2] treatments and periods; Fig. 7.1). 
Furthermore, Anet of N-PEH seedlings was 22% lower during the heat wave than 
before, while Anet of PEH seedlings was 16% higher during the heat wave than 
before (averaged across [CO2] treatments; both P < 0.05), indicated by an exposure 
history × treatment period interaction. 
 
 
Figure 7.1 Mean (± S.E., n = 3) net photosynthesis (Anet) and transpiration (E) of Q. rubra seedlings 
grown under two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2 mol
-1, and two temperature 
treatments: ambient (TA0), and +12°C heat wave (THW12). Before the start of the August heat wave, 
the TA0 seedlings were placed in the THW12 chamber to act as controls in order to test putative 
acclimation of the THW12 seedlings to previous heat wave exposure. TA0 seedlings were hence denoted 
as having no previous exposure history (N-PEH), while THW12 seedlings were denoted as having 
previous exposure history (PEH). Different lowercase indices (a, b, ...) indicate significant differences 
between all values at P = 0.05. 
 
 Heat wave exposure history had no overall effect on gs and E, but the 
interaction with treatment period was significant (Table 7.1). All PEH seedlings 
showed increased gs and E during the heat wave, compared with values measured 
before the heat wave, and the effect was greatest in the CE treatment (up to +307% 
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for gs, P < 0.001; up to 375% for E, P < 0.001; Figs 7.1 and 7.2). This increase did 
not occur in N-PEH seedlings, except for E in CA. 
 There was a significant [CO2] × history × period effect on WUEi. While all 
seedlings showed significantly decreased WUEi during the heat wave (Fig. 7.2), 
this effect was most pronounced for PEH seedlings in the CE treatment (-65% 
compared with before the heat wave, P < 0.001). Lastly, photosynthetic efficiency 
parameters PSII and qP were significantly affected by exposure history to +12 heat 
waves (Table 7.1). Averaged across [CO2] treatments and periods, PSII and qP of 
N-PEH seedlings was 35% and 33% (respectively, both P < 0.01) higher than PSII 
and qP of PEH seedlings (Fig. 7.3). 
 
 
Figure 7.2  Mean (± S.E., n = 3) stomatal conductance (gs) and intrinsic water use efficiency 
(WUEi) of Q. rubra seedlings grown under two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2 
mol-1, and four temperature treatments: ambient (TA0), and +12°C heat wave (THW12). N-PEH: 
seedlings with no previous heat wave exposure history; PEH: seedlings with previous heat wave 
exposure history. Different lowercase indices (a, b, ...) indicate significant differences between all 
values at P = 0.05. 
 
7.3.2 Consecutive heat waves experiment 
In CATHW12, compared to values before their respective heat waves (PREJuly and 
PREAugust), Anet showed a significant decline during the July heat wave (-61%, P < 
0.001) but not during the August heat wave (-19%, P = 0.26). In contrast, in the 
CETHW12 treatment, significant declines in Anet were found during both heat waves 
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(-40%, P < 0.001 during the July heat wave and -49%, P < 0.001 during the August 
heat wave) (Fig. 7.4). 
 
 
Figure 7.3  Mean (± S.E., n = 3) effective PSII quantum yield (PSII) and photochemical quenching 
(qP) of Q. rubra seedlings grown under two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2 mol
-
1, and four temperature treatments: ambient (TA0), and +12°C heat wave (THW12). N-PEH: seedlings 
with no previous heat wave exposure history; PEH: seedlings with previous heat wave exposure 
history. Different lowercase indices (a, b, ...) indicate significant differences between all values at P = 
0.05. 
 
 There was no significant temperature effect on gs during the July heat wave 
(Table 7.2). In contrast, across [CO2] treatments and treatment periods during the 
August heat wave, there was a significant reduction in gs in TW12 compared with 
TA0 (-30%, P < 0.05). In addition, there was a significant temperature × treatment 
period interaction during the August heat wave, in which gs in the different 
temperature treatments evolved differently over the course of the three periods. 
Notably, gs of the THW12 seedlings increased during the August heat wave in both 
CA and CE, and dropped again post-heat wave. This behaviour was not observed 
during the July heat wave. Seedlings in CATHW12 showed no significant difference 
in gs during the July heat wave compared with pre-heat wave, but showed a 
significant decline post-heat wave. Seedlings in CETA0 had higher gs during the July 
heat wave (+27%, P < 0.05) (Fig. 7.5).  
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 A significant treatment period effect and treatment period × temperature 
interaction was present for E in both heat waves (Table 7.2). During the July heat 
wave, E significantly increased in all treatments, with the exception of CETA3, 
where the increase was not significant. The strongest increase was found in the 
THW12 seedlings. Accordingly, during the August heat wave, the highest E was also 
found in THW12 seedlings (Fig. 7.5). 
 During the July heat wave, no significant differences were found for PSII 
(Table 7.2), although seedlings in CATHW12 showed a reduction in PSII of -22% (P 
< 0.05) compared with PREJuly, and did not recover during the five days after the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4  Mean (± S.E., 
n = 4) net photosynthesis 
(Anet) of Q. rubra seedlings 
grown under two [CO2] 
treatments: 380 (CA) and 
700 (CE) mol CO2 mol
-1, 
and three temperature 
treatments: ambient (TA0), 
ambient +3°C (TA3), and 
+12°C heat wave (THW12). 
Measurements were 
performed before (PRE), 
during (DUR), and after 
(POST) two heat waves in 
July and August 2010. 
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heat wave (-27%, P < 0.05). During the August measurements, significant [CO2], 
temperature and treatment period effects were found (Table 7.2). Here, seedlings in 
CETHW12 showed a smaller reduction in PSII (-22%, P < 0.01) than CATHW12 (-29%, 
P = 0.08), which persisted after the heat wave (-17%, P < 0.05), though values 
were still higher (+149%, P <0.001) in CETHW12 than in CATHW12 (Fig. 7.6). 
 A significant [CO2] × temperature interaction affected Fv’/Fm’ during the 
July measurements. Averaged across the treatment period, no significant 
differences were found between the temperature treatments at ambient [CO2]. 
However, Fv’/Fm’ was significantly higher in CETHW12 compared with CETA0 
(+17%, P < 0.05). During the August measurements, there was a significant 
treatment period × temperature interaction on Fv’/Fm’ (Table 7.2). Compared with 
pre-heat wave values, Fv’/Fm’ in CATA0 and CATA3 was significantly higher during 
the August heat wave, while CATHW12 and CETHW12 declined significantly (-29%, P 
< 0.001 and -33%, P < 0.001; respectively). After the heat wave, CATHW12 
recovered completely while CETHW12 was still significantly lower (-13%, P < 0.05) 
compared with pre-heat wave values (Fig. 7.6). 
 During both July and August there was a significant effect of elevated 
[CO2] on Anet, gs, and E (Table 7.2). Averaged across all temperature treatments 
and periods within a monthly measurement, Anet was 67% (P < 0.001) and 30% (P 
< 0.01) higher in the elevated [CO2] treatment compared to ambient [CO2] in July 
and August, respectively. A stronger effect of elevated [CO2] on gs was found in 
August (-50%, P < 0.001) than in July (-26%, P < 0.01). A stronger [CO2] effect on 
E was also observed in August (-45%, P < 0.001) compared with July (-22%, P < 
0.01). Elevated [CO2] had a significant effect on Fv'/Fm' across all treatment 
periods, but only in August on PSII (Table 7.2). Fv’/Fm’ was significantly higher in 
elevated [CO2] in both months (July: +14%, P < 0.01; August: +11%, P < 0.05). 
While there was no effect of elevated [CO2] on PSII in July heat wave, it was 
significantly higher (+144%, P < 0.001) in August compared with ambient [CO2]. 
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Figure 7.5  Mean (± S.E., n = 4) stomatal conductance (gs) and transpiration (E) of Q. rubra 
seedlings grown under two [CO2] treatments: 380 (CA) and 700 (CE) mol CO2  
mol-1, and three temperature treatments: ambient (TA0), ambient +3°C (TA3), and +12°C heat wave 
(THW12). Measurements were performed before (PRE), during (DUR), and after (POST) two heat 
waves in July and August 2010. 
 
7.4 Discussion 
7.4.1 Acclimation after repeated heat waves at monthly intervals 
Our first hypothesis was that seedlings with a history of heat wave exposure (PEH 
seedlings) would have higher net photosynthesis (Anet) and effective PSII quantum 
yieldPSII) than seedlings with no history of heat wave exposure (N-PEH 
seedlings), when exposed to a +12°C heat wave. This hypothesis was not supported 
by our results, as average Anet and PSII were equal or higher for the N-PEH 
seedlings than for the PEH seedlings during all treatment periods. Part of this 
difference in Anet response may have been due to the significantly lower stomatal 
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conductance (gs) of the PEH seedlings during all but one treatment period, as 
stomatal closure may limit diffusion of atmospheric CO2 into the leaf, leading to 
reduced carboxylase activity (Farquhar et al., 1980). 
 
 
Figure 7.6  Mean (± S.E., n = 4) effective PSII quantum yield (PSII) and light-acclimated PSII 
efficiency (Fv'/Fm') of Q. rubra seedlings grown under two [CO2] treatments: 380 (CA) and 700 (CE) 
mol CO2 mol
-1, and three temperature treatments: ambient (TA0), ambient +3°C (TA3), and +12°C 
heat wave (THW12). Measurements were performed before (PRE), during (DUR), and after (POST) 
two heat waves in July and August 2010. 
 
In a successive heat wave experiment on arctic species, Marchand et al. (2006) also 
found that gs of individuals previously exposed to heat waves was lower outside the 
heat waves than gs of control individuals. Higher gs of N-PEH seedlings compared 
with PEH seedlings during the heat wave might be explained by a greater need for 
the N-PEH seedlings to evaporatively cool their leaf tissue. Plants with a history of 
heat exposure often apply biochemical methods to deal with an additional heat 
event (Vierling, 1991) and are able to withstand higher ambient temperatures 
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without increasing gs to cool evaporatively (Fischer et al., 1970). At 35°C 
(PREAugust), PEH seedlings therefore might not have been experiencing heat stress, 
while N-PEH seedlings were. In addition to being higher, gs of N-PEH seedlings 
lacked some or all of the dynamic behaviour of gs observed in the PEH seedlings. 
We suggest that the dynamic stomatal behaviour of the PEH seedlings reflects 
acclimation of water strategy in response to the THW12 treatment. Reduced gs during 
periods of relatively low temperatures allowed these seedlings to reduce water loss 
and store water, perhaps against potential high temperatures in the future when soil 
water might be more limited, a response that prioritises survival over carbon gain. 
 Our second hypothesis, that elevated [CO2] would mitigate differences in 
Anet and PSII between N-PEH and PEH seedlings, was supported during and after 
the heat wave. Previous studies have shown that stimulation of photosynthesis by 
elevated [CO2] increases under higher temperatures (Sage & Kubien, 2007), which 
could explain our results during the heat wave. The reason for the dissimilar 
response between our results before and after the heat wave is less clear, but might 
mean that the PEH seedlings suffered lasting damage during the July heat wave 
that reduced Anet. It would furthermore seem that Anet and PSII of N-PEH seedlings 
did not recover to their respective values before the heat wave in the CE treatment, 
while they did in the CA treatment. It is possible that the concurrent decrease in gs 
of the CE N-PEH seedlings impeded evaporative cooling, and therefore contributed 
to this reduced photosynthetic activity. 
 
7.4.2 Photosynthetic responses to consecutive heat waves 
The severe heat wave had a significant impact on Anet during July in both [CO2] 
treatments. However, this response was less distinct during the August heat wave 
in the CA treatment, which could suggest thermal acclimation to the very high July 
heat wave temperature (Sage & Kubien, 2007; Yamori et al., 2014). This finding 
further supports our third hypothesis that Anet differences between TA0 and TW12 
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would be smaller during the August heat wave than during the July heat wave, 
possibly because of photosynthetic acclimation. Thermal acclimation to higher 
temperatures in tree species has previously been reported in Pinus taeda (Teskey & 
Will, 1999), Quercus species (Gunderson et al., 2010) and three tropical tree 
species (Cheesman & Winter, 2013). However, because a constant moderate 
temperature increase was applied in these studies rather than a severe heat stress 
event, we suggest that a shift in temperature optimum does not completely explain 
the smaller decrease in Anet after the August heat wave. Surprisingly, no increased 
thermotolerance of Anet was found under elevated [CO2] in the THW12 treatment. On 
the contrary, the August heat wave seemed to have had a greater negative effect on 
Anet of the THW12 seedlings under elevated [CO2] than under ambient [CO2]. It is 
possible that the reduced Anet of the CETHW12 seedlings was caused by the lower gs 
values during the August heat wave. 
  Acclimation to high temperatures has also been associated with 
acclimation of Rubisco activase activity, expression of heat shock proteins, and 
thermal acclimation of respiration (Yamori et al., 2014). At ambient [CO2], the 
reduction in Anet coincided with decreased PSII during and after both heat waves in 
the THW12 treatments, and also coincided with decreased light acclimated PSII 
efficiency (Fv’/Fm’) during the August heat wave. Counterintuitively, at elevated 
[CO2] both Fv’/Fm’ and PSII exhibited an equal or more severe decline in the 
August heat wave compared with the July heat wave. As suggested in Ameye et al. 
(2012), the decline and partial recovery of PSII can be associated with reversible 
thermal deactivation of Rubisco activase (Haldimann & Feller, 2004). However, no 
signs of acclimation in fluorescence parameters were found during the second 
(August) heat wave and acclimation of Rubisco activase would result in only small 
changes in Anet, suggesting that these was not the underlying mechanisms for 
thermal acclimation of Anet (Cavanagh & Kubien, 2014). 
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 A number of studies have reported that an increase in temperature had a 
positive effect on photosynthetic performance and growth (Sage & Kubien, 2007; 
Saxe et al., 2001; Way & Oren, 2010). We observed a number of negative effects 
of short term extreme heat events on gas exchange physiology, including reduced 
Anet, PSII, and Fv'/Fm'. Filewod & Thomas (2014) showed that three days of record 
high temperatures (31–33°C) in May had a lasting impact on photosynthetic 
potential of Acer saccharum during the rest of the growing season. Besides effects 
on photosynthesis, plant reproduction may become impaired. Abeli et al. (2012) 
observed that, following the 2003 heat wave in Europe, flower production in 
Alopecurus alpinus and Vicia cusnae was significantly decreased compared with 
previous years. Dreesen et al. (2014) found that recurrent climate extremes with 
short time intervals weakened the resistance of herbaceous plant assemblages. This 
negative effect in the short term could, however, be compensated in the longer term 
through rapid recovery and secondary positive effects.  
 It has already been reported for Arabidopsis that pre-exposure to moderate 
heat stress resulted in a higher accumulation of different molecular chaperones 
such as small heat shock proteins and HSP70s, as well as reactive oxygen species 
and redox response enzymes, such as ascorbate peroxidase, which resulted in a 
higher survival rate after a more severe heat stress treatment (Mittler et al., 2012). 
In addition, inducible photoprotective mechanisms were shown for different 
Mediterranean and Atlantic species after the European heat wave of 2003, with the 
accumulation of the antioxidant tocopherol and xanthophyll cycle pigments 
(Garcia-Plazaola et al., 2008) which eventually led to increased thermotolerance 
(Zsofi et al., 2009). The observed decrease in Fv'/Fm' during the heat waves in this 
experiment may therefore be an indication of greater photoprotection through 
increased activation of the xanthophyll cycle. 
 The rise in Anet in response to long term exposure to elevated [CO2] 
observed in this study is consistent with literature. Such positive effects have 
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previously been demonstrated for Quercus rubra (Anderson & Tomlinson, 1998; 
Cavender-Bares et al., 2000; Kubiske & Pregitzer, 1996). Growth at elevated [CO2] 
has been shown to mitigate heat stress effects on Anet (Sage & Kubien, 2007), and 
such mitigation was found during the July heat wave (Ameye et al., 2012), but was 
absent during the August heat wave (Fig. 7.3), thus partly confirming our fourth 
hypothesis that elevated [CO2] would mitigate differences in Anet and PSII among 
the temperature treatments during both heat waves. Similar results have also been 
reported by Hamilton et al. (2008), who investigated the interactive effects of 
temperature and [CO2] on pre-heat-stressed plants. They found for the C3 species 
Chenopodium album and Pisum sativum that elevated [CO2] mitigated the heat 
(+15°C) stress effects on photosynthesis of plants with no previous +15°C 
exposure. However, plants pre-exposed to temperatures 15°C above growth 
temperature did not experience any mitigating effect. It is notable that the Anet 
response to a +12°C August heat wave is different in Figure 7.1 than in Figure 7.4. 
The likely explanation lies in the difference in measurement time between the two 
experiments. The acclimation experiment measurements (Fig. 7.1) were performed 
around 12:00 hours, while the consecutive heat wave experiment measurements 
(Fig. 7.4) were performed around 15:00 hours. It is known that gas exchange and 
chlorophyll a fluorescence values can show a strong diurnal profile, with 
photosynthetic activity generally being highest in the morning. We therefore argue 
that at 12:00 hours, temperatures were not yet high enough to elicit the same 
response as they did at 15:00 hours (see Fig. 2.5 for the average diurnal 
temperature profile). 
 
7.4.3 Stomatal responses to successive heat waves 
We found no temperature effect on gs in July, suggesting that the seedlings did not 
close their stomata to preserve water content in leaves, which was dissimilar to 
what we saw in August. Since these seedlings had access to an adequate water 
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supply, this apparent lack of response may reflect a strategy of the plants to 
evaporatively cool their leaves through transpiration. This idea is largely supported 
by the fact that transpiration rose to values between +66% and +112% in the plants 
exposed to the July and August heat waves. The absence of a temperature effect on 
gs was also reported for two Eucalyptus species, which were subjected to a +4°C 
treatment, and were watered daily (Ghannoum et al., 2010). 
 In conclusion, we observed that severe heat waves reduced Anet in both 
July and August compared to pre-heat wave values, and that average Anet was 
significantly lower in the heat wave treatment than in the ambient temperature 
treatments during the heat wave periods. Our results suggest that Q. rubra 
seedlings subjected to consecutive heat waves may moderate stomatal conductance 
outside the heat wave as a means to conserve water at lower temperatures. Thus, 
following an extreme and lengthy heat wave, a decrease in forest productivity, such 
as the one reported after the 2003 European heat wave (Ciais et al., 2005), may 
reflect a mechanism to conserve water that prioritises survival over carbon 
acquisition. Since heat waves will have a different impact on photosynthetic 
performance than long-term smaller changes in average temperature, a better 
understanding of photosynthetic performance both during and after heat waves is 
of paramount importance if we hope to better understand how plants will respond 
to changes in climate. 
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8.1 General conclusions 
The main focus of this PhD thesis was to investigate how trees will be affected by 
predicted climate conditions. The most novel of the conditions we considered was 
the increased occurrence of more severe heat waves, but we also considered 
atmospheric [CO2] and soil water availability as interacting factors. Chapter 2 
provides the details of our experimental materials and methods, which allowed 
comparison of several temperature treatments under 4 different [CO2] × soil water 
availability treatments. The introduction of this thesis was concluded by a list of 
four main questions, each of which will be discussed in the following section. 
 
8.1.1 What is the effect of heat waves on tree physiology and growth? 
This question is the most crucial and comprehensive of all. Most of Chapter 1 is 
dedicated to its discussion, and all subsequent questions are dependent on its 
answers and subsequent questions. Heat waves can impact a wide variety of tree 
functions such as photosynthesis, stomatal regulation, and carbon allocation. At the 
leaf level, photosynthesis is reduced, photo-oxidative stress increases, leaves 
abscise and the growth rate of remaining leaves decreases. Stomatal conductance 
has been found to increase at high temperatures in some species, which may be a 
mechanism for heat stress avoidance. At the whole tree level, heat stress has been 
shown to decrease growth and shift carbon allocation. In Chapter 3 we observed 
that a +12°C heat wave significantly reduced net photosynthesis of Quercus rubra 
L. seedlings in comparison with a constant +3°C increase in temperature, but only 
in the afternoon. Morning net photosynthesis was observed to increase at the 
beginning of the heat wave. Stomatal conductance was higher before than at the 
beginning of the heat wave, but continuously decreased as the heat wave 
progressed. After the heat wave, stomatal conductance was lower than before the 
heat wave. Since transpiration followed the same trend as stomatal conductance, 
we suggest that this was a heat stress avoidance mechanism of the seedlings. Since 
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this increased stomatal conductance was particularly important in the morning, we 
suggest this allowed the high net photosynthesis rates we observed. A +6°C heat 
wave had little or no significant effect on the abovementioned parameters. At the 
end of the growing season (October 2010), the +12°C heat wave had drastically 
reduced total seedling biomass in comparison with a constant +3°C increase in 
temperature. Chapter 4 showed how a +12°C heat wave reduced PSII efficiency 
and photochemical quenching of these seedlings. After the heat wave, we found 
that the seedlings from the +12°C heat wave treatment had greatly increased 
mitochondrial respiration, which we suggest was a mechanism to repair putative 
damage sustained during the heat wave. 
 
8.1.2 Is the effect of heat waves consistent across species? 
The first two chapters of this thesis revolved around the effect of heat waves on 
one species only: Quercus rubra L., which is a deciduous broadleaf. There are 
several reasons to assume that an evergreen coniferous species, such as Pinus taeda 
L., would react differently. These reasons include a different wood anatomy, which 
could impact the chance of vessel cavitation, but also a different leaf morphology, 
which could impact the relative importance of heat dissipation mechanisms. 
Therefore, Chapters 5 and 6 compare the effects of heat waves on several 
physiological and growth parameters of Q. rubra and P. taeda under equal 
environmental circumstances. The decrease in net photosynthesis during a +12°C 
heat wave was greater for P. taeda than for Q. rubra, but the former's net 
photosynthesis recovered faster than the latter's after the heat wave (Chapter 5). 
Heat waves had no significant impact on stem height of either species, but the stem 
diameter of P. taeda was progressively diminished by consecutive +12°C heat 
waves (Chapter 6). On the other hand, total biomass of Q. rubra was affected to a 
greater extent by heat waves than total biomass of P. taeda (-40% compared with   
-25%). 
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 Regarding which of the two species we would expect to take over in areas 
that have both Q. rubra and P. taeda: looking purely at biomass and growth data, it 
would seem that P. taeda outperforms Q. rubra. Relative to their respective 
performance today, however, Q. rubra seemingly benefits most from the future 
climate. Incidentally, it was amazing that both species survived. Secondly, looking 
at physiological processes, it seems that Q. rubra shows more flexibility (which is 
generally favourable in nature), but also at a higher cost: water usage. It was 
interesting that, when returning to biomass and growth, the difference between WH 
and WL is so small in P. taeda, especially when compared with Q. rubra. A third 
important factor is the enormous uncertainty surrounding later stages: what 
happens to fecundity? Will our findings hold true in later developmental stages? 
Will apparent benefits today turn out to be increased susceptibility in the future? 
 With these three issues in mind (biomass, physiology, uncertainty), an 
educated guess could be: Q. rubra will outperform P. taeda in areas which are rich 
in resources (such as light and water), whereas P. taeda will dominate in less rich 
areas. This situation might reinforce itself through an albedo feedback loop, since 
the lower albedo of coniferous species would increase heat absorption. This 
increased heat would increase evaporative demand, thus reducing the water 
availability further.  
 
8.1.3 Will the effect of heat waves be influenced by different levels of 
atmospheric [CO2] and soil water availability? 
The short answer is: yes, it will. To describe in every detail the nuances of these 
interactions, and their effects on all studied parameters would exceed the aims of 
this general conclusions section. Therefore, only the most salient of interactions 
will be discussed. We observed that elevated [CO2] completely eliminated the 
negative effect of heat waves on Q. rubra biomass accumulation. In fact, Q. rubra 
in the heat wave treatment had increased stem height and diameter in the elevated 
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[CO2] treatment, compared with all other treatments (Chapter 6). Furthermore, 
there was no difference in net photosynthesis, stomatal conductance, or 
transpiration under elevated [CO2], while there were such differences under 
ambient [CO2] (Chapter 3). There was one finding which may not necessarily 
have a positive impact: elevated [CO2] increased leaf temperature in all treatments 
(+2°C on average). While this effect also does not have to imply any negative 
impact, it has been found in previous studies to reduce the plant's potential to cool 
their leaves evaporatively when temperatures reach very high levels. The impact of 
drought was similarly dubious in our observations. While the combination of heat 
waves and drought clearly had a greater negative impact on gas exchange and 
biomass than either heat waves or drought alone (Chapters 3 and 6), the difference 
(both relative and absolute) between seedlings exposed to a +12°C heat wave and 
seedlings exposed to a constant +3°C temperature elevation was smaller under 
drought conditions than under well-watered conditions. When we measured 
chlorophyll a fluorescence parameters, we found that low soil moisture had no 
additional effect on Fv'/Fm' or PSII (Chapter 4). A number of studies have shown 
overlapping plant strategies against heat- and drought-induced damage, which 
could explain why the combined impact of heat waves and drought was found to be 
less than the sum of each individual impact. 
 
8.1.4 Will trees be able to acclimate to heat waves which are, by 
definition, meteorological extremes? 
Our data allow multiple perspectives from which to answer this question. The very 
fact that the vast majority of our seedlings (~98%, data from height measurements 
in Chapter 6) survived the treatments suggests that these seedlings were at least 
able to cope with such severe conditions for their first growing season. We lack 
evidence to make any statement about the impact of heat waves on the seedlings' 
viability in future growing seasons, but our results indicate that most seedlings kept 
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growing throughout this one, which was especially true for P. taeda (Chapter 6). 
 In terms of survival, the answer to the question above would be yes, given 
due consideration to experimental limitations. In terms of real-time physiological 
processes such as gas exchange and light harvesting, the story becomes more 
convoluted. This issue was thoroughly studied in Chapter 7, which started with a 
relevant discussion about the definition of acclimation. If we consider acclimation 
as a black-box mechanism which allows the seedlings to maintain their 
physiological processes at the same level as before the environmental change 
occurred, we did not find this kind of acclimation. If we view acclimation as one 
process's change in response to an environmental stimulus, and this change is 
persistent in time, without leading to the seedlings' accelerated death, it could be 
argued that we found it. Personally, I like the last definition: acclimation defined as 
the activation of identifiable physiological mechanisms which allow the seedlings 
to maximise their chances of survival in their new environmental conditions.  
 Physiological processes are considered to be subordinate to these 
mechanisms, reacting passively to the former's active impulses. We have found one 
putative example of such acclimation, which consisted of the reduced stomatal 
conductance and transpiration outside of the heat wave, and subsequent the 
increase in these parameters, accompanied by an increase in net photosynthesis, 
during the heat wave (Chapter 3). This increase in net photosynthesis was not as 
large as the one in transpiration, which could be attributed to biochemical 
limitations, but also to the increased VPD during the heat wave. We validated that 
this finding was an acquired "skill", rather than a passive mechanism, by putting 
seedlings with no previous heat wave exposure together with seedlings who had 
already experienced four +12°C heat waves (Chapter 7). We observed how, 
during the heat wave, transpiration rose by an impressive 375% percent in the 
seedlings with previous heat wave exposure, while the seedlings without such 
exposure showed no significant difference with before the heat wave. These data 
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suggest that the seedlings with previous heat wave exposure activated a stomatal 
regulation mechanism which increased stem water storage outside of the heat 
wave, to allow greater evaporative cooling during the heat wave, reflecting a 
mechanism to conserve water that prioritises survival over carbon acquisition. 
 
8.2 Future perspectives 
8.2.1 Definition and determination of the critical level of heat dose 
Heat dose can be defined as the product of a temperature difference compared with 
a certain threshold, and the amount of time during which this difference manifests 
itself. Our results show that tree seedlings were able to cope with weeklong +12°C 
heat waves, even under limited soil water conditions. This raises the questions: 
"Would the seedlings have survived, had the heat wave lasted longer?" and "Would 
the seedlings have survived, had the heat wave been more severe?" Both of these 
questions may be integrated in the heat dose concept (Hüve et al., 2011). 
Additionally, our results have shown that this threshold cannot be chosen 
arbitrarily. Indeed, a crucial outcome of this study was that the +12°C treatment 
had a different impact from the +3°C treatment, even though both treatments had 
the same heat dose when we choose the ambient +0°C treatment's temperature as a 
threshold. Moreover, the +0°C treatment itself could experience temperatures up to 
41°C, which can be considered heat wave temperatures themselves, depending on 
time and location. The issue becomes even more convoluted when we assume that 
acclimation mechanisms have been activated in some (if not all) of our treatments, 
since this could mean that the temperature threshold may have shifted between 
treatments. There is far too little information currently available to provide a clear 
and ready-to-use definition of heat dose, despite its apparent advantages. 
Nonetheless, attempting to answer the modest questions raised at the start of this 
section would already greatly improve our understanding of the matter. 
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8.2.2 Integration of day-time and night-time processes 
Most plant research is performed during the day, arguably because humans prefer 
working during the day. The measurements made in our experiments were no 
different, with perhaps the exception of the pre-dawn measurements in Chapter 4. 
Still, there is much information to be gained from night-time measurements. Since 
environmental conditions, such as temperature and relative humidity, are generally 
less constraining during the night, it provides the excellent time for restorative and 
maintenance mechanisms. This would be especially the case in our experiment, 
where daytime temperatures went up to 53°C in the +12°C treatment. In Chapter 
4, we suggest that some seedlings would have a larger tolerance for accumulated 
heat damage during a heat wave, which was accompanied by increased 
mitochondrial respiration after the heat wave, putatively to enhance restoration and 
maintenance mechanisms. There is no reason to assume that this phenomenon 
would occur only during the less strenuous circumstances after the heat wave, since 
night-time conditions during the heat wave would also be significantly less 
strenuous. In other words, mitochondrial respiration during the night would also be 
higher during the heat wave compared with before the heat wave. Note that this 
increase would be additional to the temperature-driven increase in mitochondrial 
metabolism. 
 
8.2.3 Upscaling of heat wave experiments in time and space 
There are two aspects to the upscaling of heat wave experiments in time; the first is 
to move from discrete measurements to continuous measurements, and comes to 
mind when looking at our gas exchange and chlorophyll a fluorescence data 
(Chapters 3, 4, 5, 7), all of which we gathered at three different times of the day: 
09:00 am, 12:00 pm and 15:00 pm. It is well-known that plants show diurnal 
variation in their physiological processes, and our data reflect this variation. 
Chapter 3 explicitly highlights the difference in net photosynthesis between 
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measurements made at 09:00 am and 15:00 pm, but Chapter 7 also discusses how 
the impact of the +12°C on net photosynthesis was different at 12:00 pm than at 
15:00 pm. In addition to the passing of time, environmental conditions such as 
solar irradiation and temperature, also change between these times. We performed 
some preliminary analyses (data not shown), but were unable to deconvolve the 
combination of diurnal dynamics and environmental impacts. Our analyses 
suggested that the diurnal dynamics had a greater impact than the environmental 
conditions, at least when measurements were compared within their respective 
treatment period (before, during, or after a heat wave). This makes us wonder: how 
representative is a point measurement of a plant's response to any stimulus? We 
were able to reduce the noise of our interpretations through incorporation of 
integrating processes such as stem growth and biomass accumulation. When 
considering the direct impact of carbon acquisition on these processes, we could 
infer that the 15:00 pm gas exchange measurements were most representative of 
the carbon balance. However, considering the uncertainty surrounding night-time 
processes, and the non-negligible variation among different measurement days, 
such an inference would be conjecture at best. A continuous measurement 
methodology would surely enlighten some of these issues. The second aspect of 
temporal upscaling is to move from a single growing season to the entire life-cycle 
of a tree. We cannot discuss here how this could be effected, but some inherent 
issues with this movement are discussed in the following section on genetics. 
 Upscaling of heat wave experiments in space is self-explanatory. Our 
experiments were performed at one site, having one altitude and one climate. 
Changes in solar irradiation, day length, relative humidity, and diurnal temperature 
dynamics could all have a significant impact on a tree's response to our treatments. 
In a different experiment for example, we investigated the effect of different 
growth sites, with different irradiation and growth temperatures, on photosynthetic 
thermotolerance of Pinus taeda seedlings (Bauweraerts et al., 2014c). In addition 
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to abiotic changes, upscaling of tree experiments in space necessitates 
consideration of any (and all) biotic interactions that will occur. For instance, our 
findings might not be so apparent in a dense forest stand, since seedlings tend to be 
smaller than their adult counterparts, and would thus experience less excessive 
solar radiation, which is the primary driver of short-term temperature increases. A 
first consideration could therefore be the microclimate within forests. A second 
important consideration would be the struggle for resources, and water in 
particular. Related to this, how would different species react to a heat wave under 
these conditions? Some insights are give in section 8.1.2, but a natural forest can 
have more than two co-existing tree species, and at different developmental stages. 
A final important consideration would be fecundity and genetic adaptation, which 
will be discussed in the next section. 
 
8.2.4 Genetic improvement for extreme temperatures 
One of the great challenges for forestry is to select genotypes that are suitable for 
growth in the new climatic conditions that will be present in the 21
st
 century. These 
future conditions include an increase in extreme heat events with increased 
frequency and duration of summer heat waves, increased fluctuations in 
temperature and an increase in monthly maximum temperatures throughout the 
year. There has been relatively little study of the response of trees to these 
conditions. Research into genetic engineering of some crop and model species to 
improve production of HSPs is a promising area of investigation (Grover et al., 
2013) that could be adapted to tree species. Short-term exposure to high 
temperatures has resulted in expression of HSPs and increases in reactive oxygen 
species, redox response enzymes and certain regulatory proteins (Suzuki et al., 
2012). These responses appear to contribute to the maintenance of physiological 
functioning during heat stress. Other compounds such as abscisic acid, salicylic 
acid, hydrogen peroxide, ethylene and beta-amionbutyric acid may mediate 
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responses to heat stress, although what pathways or mechanisms these signals 
induce or regulate is not well understood (Ham et al., 2013). 
 We know from the few studies on trees that exist that there is variation in 
the response of genotypes to excessive heat. An Acer rubrum genotype from a 
warm temperate area (Florida) had higher net photosynthesis than one from a cool 
temperate area (Minnesota) at temperatures up to 48°C (Weston & Bauerle, 2007). 
Bigras (2000) examined the response of 12 open-pollinated families of Picea 
glauca to 30 min of heat from 42 to 50°C, and found that families with superior 
height performance were the most sensitive to heat stress, compared with those 
families with intermediate or inferior rates of height growth. This finding is similar 
to the results from many screening tests for drought tolerance in trees in that there 
is often a trade-off between stress tolerance and productivity. Generally, faster-
growing tree genotypes originate in fertile and moist areas and allocate less carbon 
belowground, and are less water-use efficient, than genotypes that develop in less 
resource-rich areas. In a trial of 33 Populus deltoides × Populus trichocarpa 
genotypes, the most productive genotypes in well-watered conditions were the least 
tolerant of moderate water deficits (Monclus et al., 2009). In a comparison of the 
traits of Eucalyptus globulus clones from several breeding programmes, faster-
growing genotypes were the least water-use efficient (Pita et al., 2005). As drought 
and heat stress often co-occur it may be most fruitful to simultaneously screen 
genotypes for both drought and heat tolerance and avoidance characteristics. 
Looking for these types of responses among genotypes, especially in genotypes 
from the warmest portion of a species range where the growing season is extended, 
may be critical to selecting families and clones for superior performance under the 
heat and drought conditions that are expected to increase globally in the future. 
 There are many provenance trials in place for economically important tree 
species worldwide that are being re-examined to evaluate potential growth of 
different genotypes in response to climate change. It is evident that even improved 
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half- and full-sibling families have high levels of genetic and phenotypic variation 
(Aspinwall et al., 2013). Determining the selection traits that will improve 
productivity of managed stands in the future is an important unresolved question in 
tree breeding. Responses to temperature, drought, nutrients and CO2 may all be 
important in the novel climate of the future. Provenances from warmer areas 
usually have faster growth than those from cooler areas (e.g. Savva et al., 2007; 
Leites et al., 2012), so genotypic variation in response to temperature can be 
exploited to increase growth in managed tree species in the future warmer climate. 
 Whether traditional breeding practices are appropriate for producing the 
most suitable genotypes for the rapidly changing climate predicted in the 21
st
 
century is also an important issue. While it is possible to breed for desirable traits, 
this process is slow and does not guarantee results (Harfouche et al., 2011). Wahid 
et al. (2007) reviewed the difficulties in breeding crop plants for thermotolerance 
using traditional protocols, which generally involve growing breeding materials in 
a hot environment to identify superior performing plants or lines. In brief, the 
difficulties include: identifying genetic resources, understanding the complexity of 
heat tolerance mechanisms, evaluating which stages of the life cycle are most 
susceptible to heat stress, distinguishing between heat tolerance and inherent 
growth potential and determining selection criteria. Most of the same difficulties 
apply to the breeding of trees, with the addition of a much longer life cycle, which 
severely limits the speed at which trials can be conducted. Despite these 
complications, for a few crop species some acceptable heat-tolerant cultivars have 
been developed and released, and traditional breeding trials continue [e.g. Farnham 
& Bjoerkman, 2011; Cairns et al., 2013; Hossain et al,. 2013; Sadras et al., 2013; 
Alemayehu et al., 2014 in broccoli (Brassica oleracea), maize (Zea mays), wheat 
(Triticum aestivum), field pea (Pisum sativum) and barley (Hordeum vulgare), 
respectively]. 
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 Genetic engineering of trees has great potential to provide rapid 
improvement in heat and drought tolerance of trees by utilising introduced genes 
gained from research on other plant types, which is much farther along than it is in 
trees (Harfouche et al., 2011). Recent progress in molecular and biotechnological 
techniques has improved the prospects for development of thermotolerance in 
plants. Some molecular mechanisms of the heat–stress response have been 
elucidated (Qu et al., 2013) and quantitative trait loci (QTL) for some stress-
adaptive traits have been identified. For example, Xue et al. (2012) exposed rice 
(Oryza sativa L.) plants to heat stress and found significantly increased lipid 
peroxidation and antioxidative enzyme activity after 24 h at high temperatures 
compared with control plants. They subsequently identified 11 differentially 
expressed genes between the two groups that were associated with the heat stress 
response. In another study, Wei et al. (2013) identified a major locus on rice 
chromosome 9, which controls heat tolerance up to 48°C in a local rice cultivar. Ali 
et al. (2013) crossed a heat-tolerant variety of primitive wheat (Triticum turgidum) 
with 10 heat-susceptible genotypes to develop 19 families. These families were 
phenotyped for heat tolerance and genotyped to identify associated QTL, which 
mapped up to three chromosomes. Results of these and similar studies in many 
crop species exemplify the first steps in using advanced methods to engineer heat 
stress tolerance in plants. A review by Harfouche et al. (2011) highlighted some of 
the advancements made in genetic modification of trees, including species of the 
genera Populus, Eucalyptus, Pinus, Picea, Castanea and Ulmus. While 
modification has primarily been done to improve growth rates and disease or 
fungal resistance, some work has been done to increase drought tolerance in Pinus 
(Tang et al., 2007), and salt (Wang et al., 2010) and cold tolerance in Populus 
(Guo et al., 2009). Similar work to induce heat stress tolerance in commercially 
planted tree species is also possible if genetic regulation of heat stress responses 
can be elucidated. 
Conclusions and perspectives 
 
185 
 
 However, little has been done to determine the genetic mechanisms of 
thermotolerance in trees. Salazar et al. (2013) analysed xylem transcription profiles 
of three Eucalyptus species intensively used in breeding programmes and found 
that the expression of genes encoding small HSPs was greatest in Eucalyptus 
urophylla, the species best adapted to a tropical climate and considered most 
robust, and lowest in E. globulus, which is adapted to subtropical/temperate 
climates. E. urophylla has been used in breeding programmes for its resistance to 
drought and diseases (Turnbull, 2000), and these results suggest that it might also 
provide useful germplasm for heat resistance. In another study on Populus simonii, 
a heat-resistant species with wide distribution in China, Wang et al. (2012) 
identified 35 microsatellite markers from heat stress transcription factors that could 
be useful in marker-assisted breeding of stress-resistant germplasm. A similar 
negative relationship between drought resistance and wood quality/productivity has 
been observed among provenances in other tree species (Wells, 1983; Danjon, 
1994; Eilmann et al., 2013). 
 Molecular and biotechnological methods, along with clonal tissue culture 
propagation, show great promise for tree breeding because they can overcome 
some of the limitations imposed by the long life cycle of trees. With these 
techniques, germplasm can be identified, modified and reproduced without waiting 
multiple years or decades for the completion of the tree reproductive cycle. 
However, it is not certain whether transgenic trees will gain regulatory and societal 
approval. 
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Appendices 
Appendix A: An introduction to chlorophyll a fluorescence 
In order to enhance understanding of some results, a brief overview of terminology 
is provided. Figure A.1 shows the sequence of a typical fluorescence trace. 
 
 
Figure A.1  Sequence of a typical fluorescence trace. After Maxwell and Johnson (2000). 
 
The figure should be interpreted from left to right. First a weak, non-actinic 
measuring beam is switched on (MB ↑) and the zero fluorescence is measured (F0). 
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Application of a saturating pulse of light (SP ↑) allows measurement of the 
maximum fluorescence level Fm . An actinic light, which drives photosynthesis, is 
then applied (AL ↑) and, after a period of time, another saturating light flash (SP ↑) 
allows the maximum fluorescence in the light (Fm') to be measured. The level of 
fluorescence immediately before the saturating flash is termed Ft. Turning off the 
actinic light (AL ↓), typically in the presence of far-red light, allows the zero level 
fluorescence in the light (F0') to be measured. The difference between Fm and F0 is 
called variable fluorescence Fv (in the dark; Fv' in the light). 
 We assume that, when a quantum of light is absorbed by a chlorophyll a 
molecule, the excited electron can release its energy in one of three ways: (1) 
fluorescence, (2) heat dissipation, or (3) the photosynthetic pathway. When there is 
an excess of light (as is the case after a saturating pulse of light SP), the 
photosynthetic pathway is blocked, and therefore fluorescence and heat dissipation 
will be maximal. Calculation of the relative energy-contribution of these pathways 
needs one more measurement: fluorescence in the dark (with MB), since the 
photosynthetic pathway will not be activated. 
 With these data, we can eliminate heat dissipation from the relative energy-
contribution equation, and we find a direct relation between photosynthesis and 
fluorescence. In other words, we can calculate how much light energy is used in the 
photosynthetic pathway, by measuring chlorophyll a fluorescence under different 
conditions (as explained above). 
 The most commonly used parameters are Fv/Fm  (in the dark; maximum 
light-harvesting efficiency, Fv'/Fm' (in the light; effective light-harvesting 
efficiency), PSII (in the light; PSII quantum yield; calculated as [Fm'- Ft]/Fm'), 
qP (in the light; photochemical quenching; calculated as [Fm'- Ft]/[Fm'- F0]), and 
qN (both in the light and in the dark; non-photochemical quenching; calculated as 
[Fm- Fm']/[Fm- F0']). The general rule-of-thumb is: the higher these values are, the 
better that the plant is functioning (and thus the healthier it is likely to be). 
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Appendix B: Formulas and equations used in Chapter 4 
 Mitochondrial respiration rate Rm (mol CO2 m
-2
 s
-1
) was calculated after 
Larcher (1983): 
 
10°C
10
m dT T
m dR R Q
 
 
   , 
 
where Rd (mol CO2 m
-2
 s
-1
) is the dark respiration rate measured before dawn, 
Q10 (unitless) is a measure for increased metabolic activity, Tm (°C) is the leaf 
temperature at which Rm was calculated, and Td (°C) is the leaf temperature at 
which Rd was measured. 
 
 The increase in metabolic activity Q10 (unitless) was calculated after Tjoelker 
et al. (2001): 
 
10 3.22 0.046Q T   , 
 
where T is the temperature (°C) at which Q10 was calculated. 
 Total electron flux JT (mol m
-2
 s
-1
) was calculated after Genty et al. (1989): 
 
'
'
m s
T PAR leaf
m
F F
J f I
F

 
    
 
, 
 
where Fm' (relative unit) and Fs (relative unit) are measured after a saturating 
640 nm flash, f is the fraction of absorbed quanta used by PSII (assumed to be 
0.5 in C3 plants; Earl and Tollenaar, 1998), IPAR is the incident photosynthetic 
photon flux density (set at 1500 mol m-2 s-1), and leaf is the leaf absorptance 
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for the incident radiation (0.1/0.9 mix of 460 nm and 640 nm) (assumed to be 
0.87). 
 
 The electron fluxes associated with carboxylative and oxygenative Rubisco 
reactions, respectively JC (mol m
-2
 s
-1
) and JO (mol m
-2
 s
-1
), were calculated 
after Valentini et al. (1995): 
 
 
1
8
3
C T net mJ J A R       , and 
 
2
4
3
O T net mJ J A R       , 
 
where Anet (mol m
-2
 s
-1
) is the measured net photosynthesis rate, Rm (mol m
-2
 
s
-1
) is the mitochondrial respiration rate, and JT (mol m
-2
  s
-1
) is the total 
electron flux associated with Rubisco. 
 
 The CO2/O2 specificity factor S (unitless) was calculated after Valentini et al. 
(1995): 
 
 
 
/
/
C O
c o
J J
S
c c
 , 
 
where JC (mol m
-2
 s
-1
) is the electron flux associated with carboxylative 
Rubisco reactions, JO (mol m
-2
 s
-1
) is the electron flux associated with 
oxygenative Rubisco reactions, cc (M) is the mole fraction of CO2 at the 
carboxylation site in the chloroplastic stroma, and co (M) is the mole fraction 
of O2 at the oxygenation site. 
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 The temperature corrected ratio of cc/co was calculated as:  
 
2/ 2/ 0.024 ( )
380μM
i
c o CO O
C
c c k T   , 
 
where Ci is the intercellular [CO2] (M, calculated by the LI-6400XT), and 
k(T)CO2/O2 (unitless) is the temperature dependent relative air solubility of CO2 
to O2 (Jordan & Ogren, 1984). The ratio cc/co was considered to equal 0.024 
M/M at 25°C and 380 mol CO2 mol
-1
 air (ambient [CO2]) (von Caemmerer 
& Quick, 2000). The mesophyll conductance gm (mol CO2 m
-2
 s
-1
) for CO2 was 
considered to be equal among the treatments (see Appendix C), hence the 
usage of Ci to account for variations in cc. Any variation in co was considered 
to be neglectable, as co >> cc. 
 
 The temperature dependent relative solubility of CO2 to O2 k(T)CO2/O2 (-) was 
approximated by a sixth degree polynomial (R² = 0.999; T ∈ [0,60]): 
 
 
 
2 2
2/ 2
2 2
( ) / ( )
( )
(25 ) / (25 )
CO O
CO O
CO O
K T K T
k T
K C K C

 
 
2 4 2 5 3
7 4 9 5 11 6
1.29 1.26 10 3.6 10 2.6 10
6 10 3 10 2 10
T T T
T T T
  
  
         
        
 
 
, where T is the air temperature (°C). Absolute solubility values K(T) (mol 
mol
-1
) for CO2 and O2 were taken from Çengel & Boles (2007) and Çengel et 
al. (2008). Since the initial value of cc/co was chosen at 25°C, the value of 
k(T)CO2/O2 was calculated relative to 25°C. 
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 The rate of photorespiration Ri (mol CO2 m
-2
 s
-1
) was calculated after 
Valentini et al. (1995): 
 
 
1
4
12
i T net mR J A R       , 
 
where JT (mol m
-2
 s
-1
) is the total electron flux associated with Rubisco, Anet 
(mol m-2 s-1) is the measured net photosynthesis rate, and Rm (mol m
-2
 s
-1
) is 
the mitochondrial respiration rate. 
 
 Finally, total assimilation rate Atot (mol CO2 m
-2
 s
-1
) was calculated as: 
 
tot net i mA A R R   , 
 
where Anet (mol CO2 m
-2
 s
-1
) is the measured net photosynthesis rate, Ri (mol 
CO2 m
-2
 s
-1
) is the rate of photorespiration, and Rm (mol CO2 m
-2
 s
-1
) is the 
mitochondrial respiration rate. 
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Appendix C: Is neglect of variation in gm justified? 
Mesophyll conductance (gm, mol CO2 m
-2
 s
-1
) is a measure used to combine several 
resistances to CO2, including multiple diffusion and dissolution steps, from 
intercellular airspace to the chloroplastic stroma. In this study, [CO2] in the 
intercellular airspace (Ci, M) was used as a proxy for [CO2] in the chloroplastic 
stroma (cc, M), without accounting for gm. Under equal growth conditions, it 
would be logical that mean gm should be similar for individuals of the same species 
and age (Steppe et al., 2011). If growth conditions are not equal however, it can be 
expected that gm will vary among treatments. 
 
In this study, three types of treatments were applied: different levels of atmospheric 
[CO2], different levels of soil water availability, and different levels of air 
temperature. Atmospheric [CO2] has not been observed to have a direct impact on 
gm. Instead, gm reacts to Ci, which is connected to atmospheric [CO2] through the 
stomata, and the general response is that gm decreases with increasing Ci (Gu & 
Sun, 2014). Several studies have furthermore shown that gm also tends to decrease 
under drought conditions (Flexas et al., 2014). On the other hand, gm can increase 
with air temperature (Evans & von Caemmerer, 2013). The behaviour of gm under 
a combination of these treatments is therefore highly convoluted, and an attempt at 
quantification using our data would be an educated guess at best. 
 
A second argument is that the CO2 drawdown, i.e. the difference between Ci and cc, 
decreases with increasing air temperature. For example, Evans & von Caemmerer 
(2013) reported a 60% drop in CO2 drawdown in Nicotiana tabacum leaves when 
air temperature rose from 15°C to 40°C. As temperatures in this study were around 
40°C in the ambient treatments, and more than 50°C in the heat wave treatments, 
we suggest that the use of Ci as a proxy for cc was justified. 
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Summary 
 
Our global climate is changing. In addition to rising CO2 concentrations and 
increasing average temperatures, our weather is also becoming more extreme. A 
key factor of this growing extremity are heat waves, which have been predicted to 
become more severe but also more frequent. Since heat waves are very often 
accompanied by drought, it is easy to imagine the devastating impact this can have, 
and already has had, on crop and forest ecosystems. Heat waves can impact a wide 
variety of tree functions such as photosynthesis, stomatal regulation, and carbon 
allocation. At the leaf level, photosynthesis is reduced, photo-oxidative stress 
increases, leaves abscise and the growth rate of remaining leaves decreases. 
Stomatal conductance has been found to increase at high temperatures in some 
species, which may be a mechanism for heat stress avoidance. At the whole tree 
level, heat stress has been shown to decrease growth and shift carbon allocation. 
We investigated this impact on Quercus rubra L. and Pinus taeda L. seedlings by 
applying repeated weeklong heat waves, during which temperatures could go up to 
53°C and water availability was limited. We observed that occurrence of a +12°C 
heat wave significantly reduced net photosynthesis of Quercus rubra L. seedlings 
in comparison with a constant +3°C increase in temperature, but only in the 
afternoon. Morning net photosynthesis was observed to increase at the beginning of 
the heat wave. Stomatal conductance was higher at the beginning of the heat wave 
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than before, but continuously decreased as the heat wave progressed. After the heat 
wave, stomatal conductance was even lower than before the heat wave. Since 
transpiration followed the same trend as stomatal conductance, we suggest that this 
was a heat stress avoidance mechanism of the seedlings. We furthermore observed 
that elevated [CO2] completely eliminated the negative effect of heat waves on Q. 
rubra biomass accumulation. In fact, Q. rubra in the heat wave treatment had 
increased stem height and diameter in the elevated [CO2] treatment, compared with 
all other treatments. The impact of drought was more dubious in our observations. 
While the combination of heat waves and drought clearly had a greater negative 
impact on gas exchange and biomass than either heat waves or drought alone, the 
difference (both relative and absolute) between seedlings exposed to a +12°C heat 
wave and seedlings exposed to a constant +3°C temperature elevation was smaller 
under drought conditions than under well-watered conditions. When we measured 
chlorophyll a fluorescence parameters, we even found that low soil moisture had 
no additional effect on Fv'/Fm' or PSII. We have found one putative example of 
acclimation to these heat waves, which was the reduced stomatal conductance and 
transpiration outside of the heat wave, and subsequent the increase in these 
parameters, supplemented by an increase in net photosynthesis, during the heat 
wave. These data suggest that the seedlings with previous heat wave exposure 
activated a stomatal regulation mechanism which increased stem water storage 
outside of the heat wave, to allow greater evaporative cooling during the heat 
wave, reflecting a mechanism to conserve water that prioritises survival over 
carbon acquisition. 
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Samenvatting 
 
Ons klimaat is aan het veranderen. Naast de stijgende CO2-concentraties en het 
verhogen van de gemiddelde temperaturen, wordt ons weer ook steeds extremer. 
Een belangrijke factor van deze toenemende extremere condities zijn hittegolven, 
die voorspeld zijn zowel ernstiger te worden als vaker voor te komen. Daar 
hittegolven zeer vaak gepaard gaan met droogte, is het eenvoudig om de 
verwoestende gevolgen voor te stellen die deze situatie kan hebben, en nu al heeft 
gehad, op gewas- en bosecosystemen. Hittegolven kunnen een breed scala van de 
boomfuncties zoals fotosynthese, stomatale regulatie, en de verdeling van koolstof 
beïnvloeden. Op het bladniveau wordt de fotosynthese verlaagd, neemt de foto-
oxidatieve stress toe, vallen bladeren af en vermindert de groei van de 
overblijvende bladeren. Men heeft gevonden dat stomatale geleidbaarheid toe kan 
nemen bij hoge temperaturen in sommige soorten, wat een mechanisme om 
hittestress te vermijden kan zijn. Op het niveau van de volledige boom is 
aangetoond dat hittestress de groei doet afnemen en de verdeling van koolstof 
wijzigt. We onderzochten de invloed van hittegolven op Quercus rubra L. en Pinus 
taeda L. zaailingen door het toedienen van herhaalde hittegolven van telkens één 
week, waarbij de temperaturen konden oplopen tot 53°C en de beschikbaarheid van 
water beperkt was. We observeerden dat het optreden van een +12°C hittegolf 
netto fotosynthese van Quercus rubra zaailingen aanzienlijk verminderde in 
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vergelijking met een constante +3°C temperatuurstijging, maar alleen in de 
namiddag. Netto fotosynthese in de ochtend werd waargenomen toe te nemen bij 
het begin van de hittegolf. Stomatale geleidbaarheid was hoger aan het begin van 
de hittegolf dan ervoor, maar daalde continu terwijl de hittegolf vorderde. Na de 
hittegolf was stomatale geleidbaarheid nog lager dan voor de hittegolf. Aangezien 
transpiratie dezelfde trend volgde als stomatale geleidbaarheid, stellen wij voor dat 
dit een mechanisme van de zaailingen was om hittestress te vermijden. We hebben 
verder opgemerkt dat verhoogde [CO2] volledig het negatieve effect van 
hittegolven op Q. rubra biomassa accumulatie geëlimineerd had. In de verhoogde 
[CO2] was de stamhoogte en stamdiameter van de zaailingen zelf hoger in de 
hittegolf behandeling dan in alle andere behandelingen. De impact van de droogte 
was minder duidelijk in onze waarnemingen. Terwijl de combinatie van 
hittegolven en droogte duidelijk een grotere negatieve impact had op de 
gasuitwisseling en biomassa dan zowel hittegolven of droogte alleen, was het 
verschil (zowel relatief als absoluut) tussen zaailingen blootgesteld aan een + 12°C 
hittegolf en zaailingen blootgesteld aan een constante + 3°C temperatuurverhoging 
kleiner bij droogte dan onder goed bewaterde omstandigheden. Wanneer we keken 
naar chlorofyl a fluorescentie parameters, vonden we zelfs dat lage 
bodemvochtigheid geen additioneel effect had op Fv '/Fm' of PSII. We hebben een 
mogelijk voorbeeld van acclimatisatie aan hittegolven gevonden, bestaande uit een 
gereduceerde stomatale geleidbaarheid en transpiratie buiten de hittegolf samen 
met de daaropvolgende toename van deze parameters, aangevuld met een toename 
van de fotosynthese, tijdens de hittegolf. Deze gegevens suggereren dat de 
zaailingen met een geschiedenis van hittegolf blootstelling, een stomataal regulatie-
mechanisme activeerden dat wateropslag in de stam stimuleerde buiten de hittegolf 
om een grotere verdampingskoeling mogelijk te maken tijdens de hittegolf. Hierbij 
legden de zaailing de nadruk op overleving, eerder dan op koolstofassimilatie. 
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